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Introduction 

This report describes the work of Blair Besley during his master's work in the 

Cancer Research Labs, as funded by award DAMD17-98-1 -8080. This report 

contains a finished thesis describing studies detailing the complex state of the 

hRad9 checkpoint protein, and a novel cell-cycle specific phosphorylation of the 

hRad9 checkpoint protein. 

Body 

Please see the attached thesis in the appendix of this report for a detailed 

materials and methods, and all work carried out under award DAMD17-98-1- 

8080. 



Key Research Accomplishments 

It was found that the hRad9 checkpoint protein exists in three distinct 
complexes, independent of cell cycle position. 

hRad9 is Phosphorylated in a cell cycle dependent manner, at G2/M of the 
cell cycle. 

The cell cycle phosphorylation of hRad9 occurs independent of DNA 
damage in the HeLa cervical cancer cells, but is DNA damage dependent 
in Karytoype-normal hTert-RPE1 cells. 

The cell cycle specific phosphorylation of hRad9 does not effect the 
binding of hRad9 to chromatin, and has an as-yet uncharacterized 
function. 
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Cell cycle checkpoints are regulatory mechanisms 
that maintain genomic integrity by preventing cell cycle 
progression when genetic anomalies are present. The 
hRad9 protein is the human homologue of Schizosaccha- 
romyces pombe Rad9, a checkpoint protein required for 
preventing the onset of mitosis if DNA damage is pres- 
ent or if DNA replication is incomplete. Genetic and 
biochemical analyses indicate that hRad9 is a compo- 
nent of the checkpoint response in humans and has 
possible roles in regulating the cell cycle, apoptosis, and 
DNA repair. Previous studies indicate that hRad9 is 
modified by phosphorylation, both in the absence of 
exogenous stress and in response to various genotoxins. 
In this study, we report the mapping of several sites of 
constitutive phosphorylation of hRad9 to (S/T)PX(R/P) 
sequences near the C terminus of the protein. We also 
demonstrate that a serine to alanine mutation at residue 
272 abrogates an ionizing radiation (IR)-induced phos- 
phorylation of hRad9 and further show that phosphoryl- 
ation at (S/T)P sites is not a prerequisite for IR-induced 
phosphorylation of serine 272. Finally, we report that 
hRad9 undergoes cell cycle-regulated hyper-phospho- 
rylation in G2/M that is enhanced by IR but distinct from 
that on serine 272. Unlike the IR-induced phosphoryla- 
tion at serine 272, this event is dependent on serine 277 
and threonine 292, two C-terminal (S/T)P sites in hRad9. 

An organism's genome is under constant stress from a vari- 
ety of endogenous and exogenous sources. Although low fre- 
quencies of genetic mutation are tolerated, contributing to ge- 
netic diversity, high frequencies are harmful and can lead to 
cancer (1). At the cellular level, eukaryotes have evolved signal 
transduction pathways called checkpoints to cope with genetic 
insults (2-4). Checkpoints stall progression through the cell 
cycle, providing time for cellular responses such as activation 
and re-localization of DNA repair enzymes to sites of DNA 
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damage or transcriptional activation of specific genes. Check- 
point arrest can also lead to activation of apoptotic pathways 
perhaps under conditions when cell death is more beneficial to 
the organism as a whole than repair (reviewed in Refs. 5-7). 

The hRad9 gene was first identified based on sequence ho- 
mology to the rad9+ gene of the fission yeast Schizosaccharo- 
myces pombe (8). In S. pombe, rad9+ is required for the S-phase 
and G2 checkpoints, which delay the onset of mitosis if DNA 
replication is incomplete or if DNA damage is present, respec- 
tively (3, 9-13). Five other S. pombe genes, husl+, radl+, 
rad3+, radl7+, and rad26+ are also required for this response 
(10-13) and are also, with the exception ofrad26+, conserved 
in humans (14-17). Like their S. pombe orthologues, hRad9, 
hRadl, and hHusl, interact with each other in a stable complex 
(15, 18-20) that has recently been dubbed the 9-1-1 complex 
(21). Structural homology between each member of the 9-1-1 
complex and PCNA has led to the hypothesis that the 9-1-1 
complex replaces replication-associated PCNA-dependent func- 
tions during DNA repair (22-24). During DNA replication, the 
PCNA homotrimer forms a ring-like sliding clamp over DNA 
and acts to increase the processivity of DNA polymerase 8 (25, 
26). The 9-1-1/PCNA model is supported by the observation 
that hRad9, hRadl, and hHusl each interact with hRadl7 (27), 
which shares extensive homology to subunits of replication 
factor C, a protein required for loading PCNA1 onto DNA (re- 
viewed in Ref. 28). Furthermore, DNA damage induces not only 
the phosphorylation of hRad9 and hRadl but also the associa- 
tion of 9-1-1 with chromatin (29). From this an attractive model 
has emerged in which hRadl7-dependent loading of 9-1-1 onto 
DNA at sites of damage could co-ordinate the multifaceted 
checkpoint response. 

Although these data suggest that hRadl7 and 9-1-1 are early 
components of the checkpoint-signaling cascade, whether they 
are responsible for the initial detection of DNA damage still 
remains unclear. In S. pombe, the Rad3 protein, a phosphati- 
dylinositol-related 3-kinase, phosphorylates Rad26 in response 
to DNA damage independently of the other checkpoint Rads 
(30), suggesting that it is the initiator of the checkpoint signal- 
ing cascade. Two human homologues of Rad3, ATM and ATR, 
phosphorylate a wide variety of cellular proteins on (S/T)Q 
sequences in response to DNA damage (31-38). Mutations in 
ATM result in the cancer predisposition syndrome, ataxia tel- 
angiectasia (39). Recently, hRad9 has been implicated as an 
ATM substrate (40). Although the evidence from fission yeast 

1 The abbreviations used are: PCNA, proliferating cell nuclear anti- 
gen; DMEM, Dulbecco's modified Eagle's medium; RPE, retinal pig- 
ment epithelial; hTERT, human telomerase reverse transcriptase sub- 
unit; FBS, fetal bovine serum; PBS, phosphate-buffered saline; CIP, calf 
intestinal phosphatase; PAGE, polyacrylamide gel electrophoresis; IR, 
ionizing radiation. 
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TABLE I 
Sequence of selected oligonucleotides used for hRad9 site-directed 

mutagenesis 

Oligonucleotide Sequence (5' to 3') 

Selection Primer 1 GCTCTAGCCCTGGAGATGAAGTGC 
Selection Primer 2 CAAGTAGCGGCCGGTAATTCCTGATTG 
Selection Primer 3 GACAAGTAGCGGCAGGTAATTCCTGAT 
T60A ATACCAGGCAGCCGCCCCTGGTCAGGC 
S160A TGTTCTGCCCTTCGCTCCTGCACTGGCT 
S277A CAGGACCTGGGCGCCCCAGAGCGTCA 
T292A CAGGCTCACAGCGCACCCCACCCGGA 
S328A TCCATTTCCCTTGCACCTGGCCCCCA 
S336G AGCCCCCCAAGGGCCCCGGTCCCCA 
T355A CAGTGCCTGGGGCTCCCCCACCCAA 
S375A GCCCCTGTACGCGCCCCCCAGGGCCCC 
S380G CCCCAGGGCCCCGGCCCTGTGCTGGCG 
S272A CCGACTCGCACGCCCAGGACCTGGG 

indicate that hRad9 is fulfilling a role in the G2/M transition 
(11), ATM-dependent phosphorylation of hRad9 occurs regard- 
less of cell cycle position and appears to be important for the G1 

DNA damage checkpoint (40). hRad9, through interactions 
with the anti-apoptotic Bcl-2 and Bcl-xL proteins, can also 
promote apoptosis and, therefore, appears to have a multi- 
functional role in responding to genotoxins (41). 

Previous studies indicate that the hRad9 protein is exten- 
sively modified by phosphorylation under normal cellular con- 
ditions (19) and becomes hyper-phosphorylated in response to 
DNA damage at serine 272 (18, 40). Here, we further the 
current understanding of hRad9 phosphorylation by mapping 
sites required for its constitutive phosphorylation and by iden- 
tifying of a novel, cell cycle-regulated, ionizing radiation-in- 
duced phosphorylation event. 

EXPERIMENTAL PROCEDURES 

Plasmids—The full-length hRad9 cDNA was subcloned into unique 
Xhol and Xbal restriction sites of the pyDF31 mammalian expression 
vector. Protein expression from pyDF31 is driven by the strong consti- 
tutive SR «-promoter composed of the SV40 early promoter and a 
segment of the long terminal repeat of human T-cell leukemia virus 
(42). All hRad9 point mutants were generated in pyDF31 using the 
transformer site-directed mutagenesis kit (CLONTECH, Palo Alto, CA) 
according to the manufacturer's instructions. Three selection primers 
were used to disrupt unique Xhol, Notl, and Eagl restriction sites in 
pyDF31-hRad9. The sequence of these primers and the hRadd muta- 
genic primers are shown in Table I. Constructs with multiple point 
mutations were made by sequential mutagenesis reactions or concur- 
rently by using multiple mutagenic primers in the same reaction. The 
presence of the desired base substitutions were confirmed by DNA 
sequencing using an automated sequencer (Cortec DNA Services Lab- 
oratory, Kingston, ON and Canadian Molecular Research Services, 
Ottawa, ON, Canada). 

Cell Culture and Transfections—HeLa cells were maintained in Dul- 
becco's modified Eagle's medium (DMEM) (Invitrogen, Carlsbad, CA) 
supplemented with 10% fetal bovine serum (Invitrogen) at 37 °C in 5% 
C02 atmosphere. The hTERT-RPEl cell line, a human retinal pigment 
(RPE) cell line that stably expresses the human telomerase reverse 
transcriptase subunit (hTERT) (CLONTECH), was maintained as 
HeLa cells except in DMEM F12 media (Invitrogen). HeLa cells were 
transfected in 10-cm or 6-well plates using 20 jxl or 2 p\ of a 2:1 molar 
ratio of DOPE (1,2-dioleoyl-sn-glycerophosphatidylethanolamine) (Sig- 
ma) and DDAB (dimethyldioctadecylammonium bromide) (Sigma), re- 
spectively. The transfection reagent was mixed with 2 ixg of DNA in 3.3 
ml of DMEM (10-cm plate) or 0.25 /Mg in 600 ju.1 of DMEM (6-well plate) 
and applied to cells for 4 h at 37 °C. The transfection solution was then 
replaced with DMEM plus 10% FBS, and cells were cultured for an 
additional 30-48 h before lysis. 

Cell Synchronization and Flow Cytometry—HeLa cells cultured as 
described above were synchronized in early S-phase by double thymi- 
dine block as previously described (43). Cells were cultured to a conflu- 
ence of —30% and treated with 2 mil thymidine for 18 h. After 18 h, cells 
were released from thymidine for 8 h, treated for an additional 18 h, and 
then released for varying lengths of time. hTERT-RPEl cells were 
synchronized in early S-phase using a single, 24-h dose of 5 mil thymi- 

dine. Mitotic HeLa cells were generated by treatment with 70 ng/ml 
demecolcine (Sigma). Synchronized cell populations were followed by 
flow cytometry; cells were harvested, resuspended in 1 ml of PBS and 
1% FBS, fixed by the addition of 1 ml of 100% ethanol, and stored at 
4 °C for at least 1 h. After fixing, cells were washed twice in PBS, 
resuspended in 1 ml of PBS, 1% FBS, and 0.5 mg/ml RNase A, and 
incubated for 40 min at 37 °C. Cells were then collected by centrifuga- 
tion and resuspended in PBS, 50 /xg/ml propidium iodide, and 0.1 mg/ml 
RNase A and analyzed using a flow cytometer (Beckman/Coulter EPICS 
Elite, Mississauga, ON). 

Calf Intestinal Phosphatase (CIP) Treatment—Cells were lysed in 1 
ml of NETN lysis buffer (250 nut NaCl, 1 it« EDTA, 20 mM Tris, pH 8.0, 
0.5% Nonidet P-40) supplemented with 1% Triton-X, 20 )xg/ml aproti- 
nin, 4 ng/ml leupeptin, 2 mM sodium orthovanadate, 20 mM ß-glycero- 
phosphate, and 0.2 mM sodium fluoride. Lysates were incubated on ice 
for 30 min and centrifuged at 13000 X g. Supernatants were pre-cleared 
by the addition of 15 fxl of «-chicken IgY-agarose (Promega, Madison 
WD for 30 min at 4 °C before immunoprecipitation. The immunopre- 
cipitation was performed with 1 ixg of affinity-purified a-hRad9 poly- 
clonal antibodies (Ref. 19; RCH antibodies, Kingston ON) and 15 /Ltl of 
a-chicken IgY-agarose (Promega) for 2 h at 4 °C. Immunoprecipitated 
proteins were washed four times with 1 ml of cold PBS and resuspended 
in 50 ii\ of 0.2 x NE Buffer 3 (New England Biolabs, Mississauga, ON) 
and 1% SDS. Samples were boiled for 5 min and centrifuged at 6000 X 
g for 10 min. 20 /xl of supernatant was incubated in the presence of 30 
units of calf intestinal phosphatase (Roche Diagnostics) in 0.2 X NE 
Buffer 3 in a final volume of 200 jxl for 30 min at 37 °C. The reaction was 
stopped by the addition of 100 ^1 of 3x SDS-PAGE sample buffer. 

Metabolic Labeling—HeLa cells were transfected in a 6-well plate as 
described above. 24 h after transfection, the cells were washed 3x with 
phosphate-free DMEM (Life Technologies, Inc.) then incubated for 1 h 
in phosphate-free DMEM and 10% dialyzed FBS (dialyzed against 150 
mM saline to deplete phosphate concentrations). Cells were labeled with 
1.25 ml of phosphate-free DMEM containing 10% dialyzed FBS and 333 
jiCi of [32P]orthophosphoric acid (PerkinElmer Life Sciences). Cells 
were further incubated at 37 °C in 5% CO., for 18 h. Cells were washed 
3x with DMEM and 3x with PBS and harvested with a cell scraper. 
Cells were collected by microcentrifugation at 500 x g for 2 min. The 
supernatant was removed, and the cells were lysed in 400 /LLI of NETN 
buffer containing 0.4 mM 4-(2-aminoethyl)benzenesulfonyl fluoride HC1 
(AEBSF), 20 i±glm\ aprotinin, 4 ng/ml leupeptin, 0.7 fig/ml pepstatin, 2 
mM Na;!VO,„ 20 mM ß-glycerophosphate, and 0.2 mM NaF. Lysates were 
incubated on ice for 1 h, then centrifuged at 16,000 x g for 20 min at 
4 °C. Soluble cell lysates were immunoprecipitated with antibodies 
directed against hRad9 essentially as described above. Agarose was 
washed 4x with NETN buffer, resuspended in 60 ß\ of 2x electrophore- 
sis buffer, and boiled for 5 min before SDS-PAGE (10% acrylamide). The 
gel was either transferred to nitrocellulose and immunoblotted with 
antibodies directed against hRad9 or dried using a gel slab dryer 
(Bio-Rad). Protein quantification of the immunoblot was performed 
using AlphaEase software and a Chemiimager (Alpha Innotech Corp., 
San Leandro, CA). 32P-quantification was performed using ImageQuant 
software and a Phosphorlmager (Molecular Dynamics, Sunnyvale, CA). 

Immunoblotting—All samples were boiled for 5 min before electro- 
phoresis through 8 or 10% acrylamide, as indicated. Proteins were 
transferred to nitrocellulose (Amersham Pharmacia Biotech) using a 
semi-dry transfer cell (Bio-Rad) or a wet transfer apparatus (Hoefer 
Scientific, San Francisco, CA). Membranes were blocked for 1 h in 5% 
nonfat milk powder in PBS plus 0.1% Tween 20 and then incubated in 
affinity-purified «-hRad9 polyclonal chicken antibodies at 50 ng/ml in 
PBS for 1-18 h at 4 °C. After extensive washing in PBS plus 0.1% 
Tween 20, blots were incubated in horseradish peroxidase-conjugated 
a-chicken secondary antibody (Jackson ImmunoResearch Laboratories, 
West Grove, PA) at a final dilution of 1 in 50,000 for 45 min at 4 °C. 
Membranes washed and incubated in Western blot chemiluminescence 
reagent plus (PerkinElmer Life Sciences) before exposure to x-ray film 
(Eastman Kodak Co.). 

RESULTS 

hRAD9 Is Constitutively Phosphorylated on Serine I Threo- 
nine-Proline Sequences—The hRad9 protein is constitutively 
phosphorylated in the absence of DNA damage (19) and be- 
comes additionally phosphorylated when DNA damage is pres- 
ent (18). We have observed that under normal cellular condi- 
tions (i.e. those where cells are not exposed to exogenous 
stresses) overexpressed hRad9 consists of four species that 
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FIG. 1. hRad9 is constitutively phosphorylated on (S/T)P se- 
quences. A, exogenous, overexpressed hRad9 from transiently trans- 
fected HeLa cells (+OP) or endogenous hRad9 from untransfected HeLa 
cells (-OP) was immunoprecipitated with polyclonal antibodies di- 
rected against hRad9. Immunoprecipitated proteins were subjected to 
SDS-PAGE (8%) and immunoblotted with antibodies directed against 
hRad9. B, hRad9 overexpressed in HeLa cells was immunoprecipitated 
with antibodies directed against hRad9 and then incubated in the 
presence (+CIP) or absence (-CIP) of calf intestinal phosphatase prior 
to SDS-PAGE (8%) and immunoblotting. The +CIP sample was diluted 
before electrophoresis for presentation purposes. C, each of the nine 
serine and threonine amino acids that are followed immediately by 
proline in the hRad9 amino acid sequence were converted to non- 
phosphorylatable alanine or glycine residues (as indicated) by site- 
directed mutagenesis. Plasmids encoding wild type (WT) hRad9 and 
each mutant protein were used to transfect HeLa cells. Cellular pro- 
teins were immunoprecipitated and incubated in the presence (lower 
panel) or absence of CIP (upper panel). Proteins were then separated by 
SDS-PAGE (8%) and immunoblotted with antibodies directed against 
hRad9. D, the four mutations that caused mobility shifts in A were 
introduced to the hRad9 cDNA sequentially in combination. Wild type, 
P2A (S328A + S336G), P3A (P2A + S277A), and P4A (P3A + T355A) 
proteins were expressed in HeLa cells and immunoblotted as before. 

differ in migration rate on SDS-PAGE as visualized by immu- 
noblot analysis. The slowest migrating of these species, which 
we have termed hRad9a, co-migrates with the majority of en- 
dogenous hRad9 at an apparent molecular mass of —60 kDa 
(Fig. 1A). In vitro dephosphorylation of exogenous hRad9 
causes each of its four migratory forms to collapse into a single 
band at about 45 kDa, which we have called hRad9S (Fig. Iß). 
These data suggest that relative to endogenous hRad9, a large 
portion of the overexpressed protein is only partially phospho- 
rylated and, hence, has various migratory forms. We have 
collectively designated all of these partially phosphorylated 
forms hRad9ß. Previous work in our lab has shown that delet- 
ing the C terminus of exogenous hRad9 can reduce the number 
of differentially migrating species from four to one,2 indicating 
that the C terminus of hRad9 is required for constitutive phos- 
phorylation of the protein. 

With this in mind, we used site-directed mutagenesis to 
identify amino acid residues required for the constitutive phos- 

2 R. P. St.Onge and S. Davey, unpublished results. 

TABLE II 
Summary of characterized hRad9 phosphorylation mutants 

transiently expressed in HeLa cells 

Amino acid Context" Immunoblot shift 

Serine 380 
Serine 375 
Serine 368 
Serine 363 
Threonine 355 
Threonine 351 
Serine 350 
Serine 341 
Serine 336 
Serine 328 
Tyrosine 306 
Threonine 292 
Serine 277 
Serine 272 

Serine 160 
Threonine 60 

GPSPVL 
VRSPQG 
FGSILA 
FRSLEF 
PGTPPP 
PSTVPG 
EPSTVP 
PHSEEE 
PKSPGP 
SLSPGP 
DSYMIA 
HSTPHP 
LGSPER 
SHSQDL 

PFSPAL 
AATPGQ 

No 
No 
No 
No 
Yes 
No 
No 
No 
Yes 
Yes 
No 
No 
Yes 

Yes (IR- 
induced) 

No 
No 

° Amino acids surrounding the residue of interest (indicated in 
boldface). 

6 Immunoblot mobility shift resulting from phosphorylation at the 
residue of interest. 

phorylation of hRad9. Potential phosphorylated residues near 
the C terminus of the protein were converted to non-phospho- 
rylatable amino acids. Mutants were expressed in HeLa cells 
after transient transfection and screened for migratory shifts 
as detected by Western analysis. The gross overexpression of 
protein by the strong SR a-promoter allowed us to distinguish 
plasmid-derived hRad9 protein from the endogenous protein 
simply by limiting the exposure time to x-ray film. A trend 
between those mutants with altered Western blot banding pat- 
terns soon emerged, as each of these mutants contained dis- 
rupted serine or threonine residues followed immediately by a 
proline (results summarized in Table II). The (S/T)P motif is 
the minimum consensus sequence for the cyclin-dependent ki- 
nase family of kinases (44). We therefore mutated all nine 
(S/T)P sequences in hRad9, immunoprecipitated these proteins 
from transfected HeLa cells, and compared their banding pat- 
tern to the wild type protein (Fig. 1C). Of the nine (S/T)P 
mutants, four exhibit changes in hRad9 mobility on SDS- 
PAGE, suggesting that they are sites of phosphorylation. The 
S277A and S328A mutants exhibited complete loss of two 
bands each. The S336G mutation caused an increase in mobil- 
ity of three of the four bands, whereas the T355A mutation 
caused a slightly increased mobility in all four of the hRad9a 
and ß forms (Fig. 1C; upper panel). When dephosphorylated by 
treatment with calf intestinal alkaline phosphatase, each pro- 
tein migrated at about 45 kDa (hRad98), indicating that the 
mobility shifts in the upper panel are indeed the result of 
phosphorylation changes (Fig. 1C; lower panel). Sequentially 
introducing these four mutations in combination leads to a 
reduction in the number of mobility forms and a progressive 
increase in the mobility of hRad9 (Fig. ID). Although the P2A 
protein (S328A + S336G) migrated as a doublet, P3A (P2A + 
S277A) migrated as a single band with slightly less mobility 
than P4A (P3A + T355A). This subtle shift resulting from the 
T355A mutation is consistent with that observed in Fig. \C as 
well as Figs. 6, A (panel 2) and B. P4A migrated with an 
approximate molecular mass of 45 kDa (Fig. ID), which is only 
slightly larger than the predicted molecular mass of 42.5 kDa 
for hRad9. 

hRad9 Is Constitutively Phosphorylated on Sites Other than 
(SIT)P Sequences—The P4A mutant still exhibited a modest 
mobility shift when treated with alkaline phosphatase (Fig. 
2A). This suggested the existence of additional sites of consti- 
tutive phosphorylation in hRad9. To determine whether these 
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FIG. 2. hRad9 is constitutively phosphorylated at sites other 
than (S/T)P sequences. A, P4A and P9A forms of hRad9 were ex- 
pressed in HeLa cells by transient transfection and immunoprecipi- 
tated with antibodies directed against hRad9. Immunoprecipitated pro- 
teins were left untreated (-) or treated with CIP( + ), size-fractionated 
by SDS-PAGE (8%), and immunoblotted with antibodies directed 
against hRad9. B, hRad9 protein was immunoprecipitated from P3A, 
P4A, P5A, P6A, P9A, and empty vector-transfected HeLa cells that 
were metabolically labeled with inorganic 32P for 18 h before lysis. A 
portion of each immunoprecipitated, radiolabeled protein was size- 
fractionated by SDS-PAGE, transferred to nitrocellulose, and immuno- 
blotted with antibodies against hRad9 (left panel). A second, identical 
gel was dried and exposed to a Phosphorlmager screen for 3 days (right 
panel). C, quantification of the 32P signal from the right panel of Fig. 25 
as determined by the ImageQuant software program. Values were 
normalized 32P background in each lane and to the chemiluminescence 
signal from the left panel of Fig. 2ß. 

additional sites were (S/T)P sites whose phosphorylation pro- 
duced little or no shift on a Western blot, we mutated all nine 
(S/T)P sites in hRad9 in combination. The migration of the P9A 
mutant (P4A and T60A, S160A, T292A, S375A, and S380G) 
was not readily distinguishable from that of the P4A mutant 
and was still sensitive to phosphatase treatment (Fig. 2A). 
Therefore, despite being constitutively phosphorylated on at 
least four (S/T)P sites, hRad9 is also phosphorylated on sites 
other than these sequences. We have called the form of hRad9, 
which completely lacks phosphorylation at (S/T)P sites but still 
remains phosphorylated, hRad9e. 

To further characterize the constitutive phosphorylation of 
hRad9, HeLa cells were transfected with a series of hRad9 
mutants or empty vector and metabolically labeled with 
[32P]orthophosphoric acid. The hRad9 point mutants, P3A, 
P4A, P5A (P4A + T292A), P6A (P5A + S375A), and P9A were 
used in the transfection, and after metabolic labeling, the 
hRad9 protein was immunoprecipitated from these cells. Im- 
munoprecipitated protein was size-fractionated by SDS-PAGE, 
transferred to nitrocellulose membrane, and immunoblotted 
with antibodies directed against hRad9 (Fig. 2B; left panel). 
The amount of hRad9 protein recovered from each immunopre- 
cipitation was defined by densitometric analysis of the immu- 
noblot using a Chemiimager and was used for data normaliza- 
tion as described below. A second, identical gel was also run, 

dried, exposed to a phosphor screen, and analyzed using a 
STORM Phosphorlmager (Fig. 2B; right panel). In agreement 
with Fig. 2A, each hRad9 mutant, including P9A, was signifi- 
cantly phosphorylated, confirming that the hRad9 protein is 
constitutively phosphorylated at sites other than (S/T)P sites. 

We went on to quantitate the 32P signal in Fig. 2B using the 
ImageQuant software program (Fig. 2C). Values were normal- 
ized to background 32P in each lane and to protein levels (which 
were all within 15%) determined above by spot densitometry of 
the hRad9 immunoblot. Because only the P3A mutant was wild 
type at threonine 355, a site we knew to be constitutively 
phosphorylated (see Fig. 1), we expected that P3A should have 
a stronger signal than each of the other four mutants, and it 
did. The remaining mutants exhibited smaller differences in 
relative 32P activity, which may be a reflection of confounding 
variables inherent to the experiment, such as protein normal- 
ization, rather than legitimate differences in phosphorylation. 

hRad9 Phosphorylation on Serine 272 in Response to Ioniz- 
ing Radiation Does Not Require Constitutive Phosphorylation 
at (SIT)P sites—ATM and ATR, two serine/threonine DNA 
damage-responsive kinases that likely function in the same 
biochemical pathway as hRad9, have been demonstrated to 
phosphorylate target proteins at serine/threonine-glutamine 
((S/T)Q) sequences (33). Because serine 272 of hRad9 is fol- 
lowed immediately by a glutamine residue, we hypothesized 
that this amino acid was the site of the previously reported 
ionizing radiation (IR)-induced phosphorylation of hRad9 (18). 
In this regard, we observed that a serine to alanine mutation at 
serine 272 had no effect on constitutive phosphorylation but 
abrogated the ability of exogenously expressed hRad9 to be- 
come phosphorylated in response to ionizing radiation (Fig. 
3A). Although sub-populations of both the a and ß forms of wild 
type hRad9 (WT) underwent a subtle mobility change when 
cells were treated with 20 and 40 gray doses of IR (hRad9« to 
hRad9y and hRad9ß to hRad9ß(y)), the S272A mutant showed 
no changes in hRad9a or hRad9ß mobility (Fig. 3A; upper 
panel). This shift was confirmed to be the result of phosphoryl- 
ation, because CIP treatment of these samples yielded co-mi- 
grating dephosphorylated proteins (hRad98, Fig. 3A; lower 
panel). Although the subtle nature of the mobility shift com- 
bined with the complex banding pattern of hRad9 has made 
this effect difficult to observe by immunoblotting techniques, 
we have found this result to be reproducible and offer further 
evidence in support of it in Figs. 3, B and C. This observation 
also confirms a recent report that demonstrated that ionizing 
radiation induced phosphorylation at this residue and that this 
phosphorylation was ATM-dependent (40). This report, how- 
ever, like all previous studies demonstrating IR-induced phos- 
phorylation of hRad9, involved a constitutively phosphorylated 
protein (18,29). Although the purpose of this constitutive phos- 
phorylation remains unknown, it may be potentiating some 
aspect of hRad9 cellular activity. The observation in Fig. 3A 
that the ß forms of wild type hRad9, like the a form, shift subtly 
in response to IR, seems to indicate that (S/T)P phosphoryla- 
tion of hRad9 is not required for IR-induced phosphorylation at 
serine 272. 

To address this directly, we tested the response to IR of 
hRad9 P9A, which lacks all phosphorylatable (S/T)P sites. The 
P9A hRad9 mutant was expressed in cells that were subse- 
quently irradiated or mock-irradiated. P9A was immunopre- 
cipitated from these cells 1 h later, treated with phosphatase as 
indicated, size-fractionated by SDS-PAGE, and immunoblotted 
with antibodies directed against hRad9 (Fig. 3B). In response 
to irradiation, a slower migrating form of hRad9e (hRad9e(y)) 
became readily apparent. Both hRad9e and hRad9e(7) in- 
creased in mobility and co-migrated when treated with CIP 
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FIG. 3. Ionizing radiation-induced phosphorylation at serine 
272 of hRad9 does not require constitutive phosphorylation at 
(S/T)P sequences. A, wild type (WD hRad9 and S272A, harboring a 
serine to alanine mutation at the putative ATM phosphorylation site, 
were expressed in HeLa cells that were exposed 0, 20, and 40 gray of 
ionizing radiation, as indicated. One hour later cell lysates were immu- 
noprecipitated and left untreated (upper panel) or treated with CIP 
(lower panel) before SDS-PAGE (8%) and immunoblotting with antibod- 
ies directed against hRad9. B, the P9A protein was immunoprecipitated 
from cells 1 h after irradiation with 20 gray, as indicated above. Immu- 
noprecipitated hRad9 was then treated with CIP as indicated, size- 
fractionated by SDS-PAGE (8%), and immunoblotted as before. C, the 
S272A mutation was introduced into the mutant described previously. 
P9A and P9A + S272A were expressed in HeLa cells, treated with 0 (-), 
4 (left panel only) or 20 gray (right panel only) of ionizing radiation and 
harvested at 30, 60, or 240 min later, as indicated. Lysates were im- 
munoblotted with antibodies directed against hRad9. 

(hRad9S), indicating that hRad9e(y) was in fact a phosphoryl- 
ated form of hRad9e. To confirm that the IR-induced phospho- 
rylation of hRad9e was occurring at serine 272, the S272A 
mutation was introduced into the P9A mutant, and these pro- 
teins were analyzed for mobility changes after exposure to low 
and high doses of IR (Fig. 3C). Consistent with Fig. 3B, the P9A 
mutant migrated as a doublet at all time points after 20 gray of 
irradiation, although the slower migrating species was less 
abundant at 240 min post-IR. The formation of this doublet was 
not observed, however, when the S272A mutation was intro- 
duced into the P9A mutant background (Fig. 3C; far right). At 
the lower dose of 4 gray (Fig. 3C; left panels) this mobility shift 
was much less pronounced and did not persist as long, indicat- 
ing a dose-dependent response typical of checkpoint control. 
Collectively, these results indicate that constitutive phospho- 
rylation at (S/T)P sites is not essential for the IR-induced 
phosphorylation of hRad9 at serine 272. 

hRad.9 Is Phosphorylated in a Cell Cycle-dependent Manner 
in HeLa Cells—Given that hRad9 is phosphorylated on poten- 
tial cyclin-dependent kinase consensus sites, we hypothesized 
that the attachment of these seemingly constitutive phosphate 
groups may be regulated in a cell cycle-dependent manner. 
Therefore, a double thymidine block was used to generate syn- 
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FIG. 4. Constitutively phosphorylated hRad9 is hyper-phos- 
phorylated in G2 and M phases of HeLa cells. HeLa cells were 
synchronized in early S-phase using a double thymidine block, released, 
and harvested 0, 2, 6, 7, 8, 9, 10, and 12 h later. Cells from each time 
point were either lysed, size-fractionated by SDS-PAGE (10%), and 
immunoblotted with antibodies against hRad9 (top) or stained with 
propidium iodide to measure DNA content before analysis by flow 
cytometry (bottom). B, S-phase and G2/M HeLa cells, harvested 2 and 
8 h after release from a double thymidine block respectively, were lysed, 
and the hRad9 was immunoprecipitated. hRad9 protein from each time 
point was then treated with CIP in the presence or absence of the 
phosphatase inhibitor ß-glycerophosphate (ß-GP). Proteins were sepa- 
rated by SDS-PAGE (10%) and immunoblotted as above. C, late S-phase 
HeLa cells, generated from a single thymidine block and release, were 
left untreated (-), treated with 4 gray of IR to delay cells in G2 (+4 Gy) 
or 1.7 fig/ml microtubule inhibitor demecolcine (+DC) to arrest cells in 
mitosis. Cells were harvested 7, 8, 9, and 10 h after thymidine release 
(1.5, 2.5, 3.5, and 4.5 h after IR and demecolcine administration) and 
used for immunoblotting (top) and flow cytometry (bottom) as in A. PI, 
propidium iodide. 

chronized cell populations, which were examined for differ- 
ences in endogenous hRad9 phosphorylation by immunoblot- 
ting (Fig. 4A; top). Cell cycle position was monitored by flow 
cytometry of propidium iodide-stained nuclei (Fig. 4A; bottom). 
Consistent with a recent report (40), hRad9a, which we have 
concluded to be highly phosphorylated at C-terminal (S/T)P 
sites, was observed in all phases of the cell cycle (Fig. 4A). 
However, even slower migrating forms of hRad9, migrating at 
an apparent molecular mass of—65 kDa (hRad9o-), appeared in 
samples collected during G2/M (Fig. 4A; samples 7, 8, 9, and 
10). We went on to demonstrate that this mobility shift was the 
result of a cell cycle-specific phosphorylation event because the 
hRad9a and hRad9cr bands in G2/M HeLa cells collapsed into a 
single faster-migrating hRad9S band at 45 kDa (Fig. 4S). 

To address whether this phosphorylation change was occur- 
ring in G2, mitosis, or both, late S-phase HeLa cells were either 
irradiated with 4 gray of IR to delay cells in G2, treated with 
the microtubule-inhibiting drug demecolcine to arrest cells in 
mitosis, or left untreated and allowed to cycle into Gv Consist- 
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FIG. 5. Phosphorylation of hRad9 in G,j/M is enhanced by IR 
but is distinct from phosphorylation at serine 272. A, HeLa cells, 
synchronized with a double thymidine block and release, were analyzed 
by immunoblotting with antibodies directed against hRad9. At each 
time point, cells were either left as is or irradiated with 20 gray 30 min 
before harvest, as indicated. Cells from each time point were also 
followed by flow cytometry (bottom). B, similar to A, only using hTERT- 
RPE1 cells that were synchronized with a single thymidine block and 
release. PI, propidium iodide. 

ent with Fig. 4A, in the untreated cells, the hyper-phosphoryl- 
ated hRad9<r form(s) was present in G2 and M but not when 
cells had cycled into G1 (Fig. AC; first A lanes, 7-10 h). If cells 
were treated with either a low dose of IR or demecolcine, cells 
did not progress into G1; and hRad9cr persisted (Fig. 4C; 10-h 
time points). Taken together, these results indicate that in 
HeLa cells, endogenous hRad9 is hyper-phosphorylated in G2 

and mitosis on an amino acid residue(s) distinct from the con- 
stitutive phosphorylation sites we have identified. 

Cell Cycle-dependent Phosphorylation ofhRad9 Is Enhanced 
by IR but Is Distinct and Independent of Phosphorylation at 
Serine 272 of hRad9—To confirm that the cell cycle-regulated 
hyper-phosphorylation of hRad9 was distinct from that induced 
by high doses of ionizing radiation at serine 272, synchronized 
cells were irradiated with 20 gray of IR at various stages of the 
cell cycle 30 min before their harvest. Consistent with Fig. 3A 
and the findings of Chen et al. (40), in Fig. 5A it was observed 
that endogenous hRad9 was shifted in a subtle manner in 
response to ionizing radiation regardless of cell cycle position 
(hRad9y). The appearance of hRad97 occurred independently 
and was distinct from hRad9cr in G2/M cells (Fig. 5A; 6- and 8-h 
time points). Furthermore, the amount of hRad9tr was mod- 
estly increased if cells were treated with ionizing radiation 
before harvest at time points 4, 6, 8, and to a lesser extent 10, 
when most cells were in Gj. 

To address whether the cell cycle-regulated phosphorylation 
of hRad9 was cell type-specific, occurring exclusively in HeLa 
cells, we repeated this experiment in hTERT-RPEl cells (Fig. 
5B). These cells have an indefinite life span due to stable 
expression of the human telomerase reverse transcriptase sub- 
unit but maintain the normal karyotype of primary epithelial 
cells. As in Fig. 5A, hRad9 in the hTERT-RPEl cells underwent 
a modest mobility shift in response to IR (hRad9y) at all stages 
of the cell cycle (Fig. 5B). hRad9<x in G2/M hTERT-RPEl cells, 
however, was much less prevalent in the absence of IR com- 
pared with that observed for the HeLa cell line. Nevertheless, 
upon irradiation the abundance of hRad9w increased signifi- 
cantly (Fig. 5B; 12, 14, and 16 h), indicating that hRad9 un- 
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FIG. 6. Cell cycle-regulated phosphorylation of hRad9 is de- 
pendent on threonine 292. A, HeLa cells, mock or transiently trans- 
fected with each of the single (S/T)P hRad9 mutants or the S272A ATM 
consensus site mutant, were either left untreated or treated with de- 
mecolcine for 18 h before harvest. Cells were subjected to SDS-PAGE 
(8%) followed by immunoblotting for hRad9 (upper) or flow cytometry 
analysis to confirm mitotic arrest (lower). B, similar to A, only using 
mutants with multiple (SAT)P disruptions. (P2A = S328A + S336G; 
P3A = P2A + S277A; P4A = P3A + T355A; P5A = P4A + T292A; 
P9A = P5A + T60A, S160A, S375A, and S380G). DC, demecolcine. 

dergoes cell cycle-dependent IR-induced phosphorylation in 
both HeLa cells and hTERT-RPEl cells. 

Efficient Cell Cycle-regulated Hyper-phosphorylation of 
hRad9 Requires Serine 277 and Threonine 292—To address 
whether the cell cycle-regulated hyper-phosphorylation of 
hRad9 was dependent on phosphorylation at (S/T)P sites, we 
expressed each of the nine single (S/T)P mutants in HeLa cells 
and examined these mutants for the cell cycle-dependent mo- 
bility changes we observed in the endogenous protein (Figs. 4 
and 5). The S272A ATM consensus site mutant was also in- 
cluded in this experiment. Transfected HeLa cells were ar- 
rested in mitosis by treatment with demecolcine, lysed, and 
then immunoblotted with antibodies directed against hRad9 
(Fig. 6A). The absence of signal in the mock-transfected lane 
confirmed that any mobility changes were derived from the 
overexpressed protein and not endogenous hRad9. Propidium 
iodide staining was used to confirm the effectiveness of the 
demecolcine treatment. In each of the transfected cell popula- 
tions, demecolcine treatment resulted in an increase in the 
number of cells in G2/M from 20-29% in the untreated, asyn- 
chronous cells, to 67-82% in the demecolcine-treated cells.2 

When cells were arrested in mitosis, all proteins exhibited a 
significant reduction in the abundance of the faster-migrating 
hRad9/3 forms. Furthermore, the majority of the wild type 
protein existed as two species that migrated slower through 
SDS-PAGE than the hRad9a form from asynchronous cells 
(Fig. GA; upper panel). These species are similar to the hRad9<r 
forms observed in the G2/M samples of Fig. 4A. The cell cycle- 
dependent hyper-phosphorylation of hRad9 was also observed 
in the S272A mutant protein (Fig. 6A; lower panel) as well as 
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each of the single (S/T)P mutants with two notable exceptions. 
When the constitutively phosphorylated serine 277 is mutated 
to alanine, the efficiency of this mitotic hyper-phosphorylation 
is drastically reduced because most of the protein co-migrates 
with the slowest-migrating S277A form in the untreated cells. 
Mutational inactivation of threonine 292 results in the signif- 
icant reduction of the fastest-migrating hyper-phosphorylated 
species and the complete loss of the slowest migrating hRad9cr 
form (Fig. 6A; upper panel). 

These observations were confirmed using hRad9 mutant pro- 
teins harboring multiple mutations at (S/T)P sites (Fig. 6B). 
When multiple constitutively phosphorylated (S/T)P sites were 
disrupted but serine 277 was left intact (P2A and P2A + 
T355A), the protein was still efficiently hyper-phosphorylated 
when cells were mitotic. Upon introduction of the S277A mu- 
tation in these proteins (P3A and P4A), the efficiency of this 
hyper-phosphorylation was drastically reduced, just as it was 
for the S277A single mutant. When the T292A mutation was 
introduced into the P3A and P4A proteins (P3A + T292A and 
P5A), the hyper-phosphorylation was no longer apparent. Not 
surprisingly, the same was observed for the P9A mutant, which 
lacks all nine hRad9 (S/T)P sites. 

DISCUSSION 

We have mapped four amino acids that are constitutively 
phosphorylated in the hRad9 checkpoint protein. These amino 
acids (serine 277, serine 328, serine 336, and threonine 355), 
when converted to non-phosphorylatable residues, alter the 
mobility of hRad9 in SDS-PAGE in a way that is consistent 
with decreased phosphorylation (Fig. 1). Each of the four phos- 
phorylated residues we have identified is followed immediately 
by proline in the primary amino acid sequence of hRad9. Based 
on this observation, the kinase(s) phosphorylating these sites 
in hRad9 could belong to the cyclin-dependent family of ki- 
nases. Several cyclin-dependent kinases recognize the (S/T)P 
motif as a minimal consensus site in target substrates. The 
preferred cyclin-dependent kinase consensus site of (S/ 
T)PX(K/R) is only represented at serine 277 of hRad9 
(S277PER). A proline at position four, which some evidence 
indicates may be tolerated by cyclin-dependent kinases (45), is 
found in each of the remaining three constitutive hRad9 sites 
we have identified (S328PGP, S336PGP, and T355PPP). Threo- 
nine 292, which we conclude to be required for the cell cycle- 
dependent phosphorylation of hRad9 represents the only other 
hRad9 (S/T)P site with a proline at position four (T292PHP). 
The four remaining (S/T)P sequences in the protein (threonine 
60, serine 160, serine 375, and serine 380) contain neither P, R, 
nor K at position 4 (Table II). This in addition to our observa- 
tions that mutating these residues does not alter the mobility of 
hRad9 through SDS-PAGE (Figs. IC, 2A, 6, A and B) or signif- 
icantly reduce 32P uptake in metabolically labeled cells (Fig. 
2C), suggests that these four sites are not constitutively 
phosphorylated. 

Although we have termed the (S/T)P phosphorylation sites 
constitutive, we cannot rule out the possibility that phospho- 
rylation at these sites is regulated in a complex manner. Sev- 
eral groups using different cell lines and antibodies have ob- 
served as we have that endogenous hRad9 exists primarily as 
a single species migrating at 60 kDa on a Western blot 
(hRad9a). However, we have occasionally observed bands in 
the 45-60-kDa range when studying endogenous hRad9 that 
correlate with the partially phosphorylated bands of the over- 
expressed protein (hRad9ß). Even though we are able to limit 
the abundance of these bands by increasing the concentration 
of phosphatase inhibitors in our lysis buffer or by lysing cells 
directly in SDS-PAGE sample buffer, we cannot rule out the 
possibility that constitutively phosphorylated hRad9 interme- 

diates are physiologically significant. Importantly, however, no 
consistent changes were observed in the 45-60-kDa bands at 
different stages of the cell cycle (Figs. 4A and 5, A and B), 
suggesting that phosphorylation at serine 277, serine 328, ser- 
ine 336, and threonine 355 remains constant throughout the 
cell cycle. 

Recently, a phospho-specific antibody directed against the 
serine 272 of hRad9 was used to demonstrate that IR-induced 
phosphorylation of hRad9 occurs at this site in vivo (40). We 
have confirmed these findings using an independent method by 
showing that a serine to alanine mutation at residue 272 ab- 
rogates hRad9 phosphorylation when asynchronous cells are 
given a high dose of IR (Fig. 3A). The observation made by 
Chen et al. (40) that phosphorylation at this residue is depend- 
ent on ATM raises many interesting questions regarding the 
detection of IR-induced DNA damage and the initiation of 
the checkpoint response in general. In further agreement with 
the findings of Chen et al. (40) is our observation that phospho- 
rylation at serine 272 occurs independently of cell cycle position 
(Figs. 3A and 5, A and B). Two lines of evidence indicate that 
this occurs independently of (S/T)P phosphorylation as well. 
First, when cells are treated with high doses of IR, subtle 
migratory changes in both the a and ß forms of overexpressed 
hRad9 are observed that are not observed in a S272A mutant 
(Fig. 3A). Second, mutational inactivation of the (S/T)P phos- 
phorylation sites still yields a protein (hRad9e) that is capable 
of serine 272 phosphorylation in response to IR (Fig. 3, B and 
C). 

We also report the identification a second hyper-phosphoryl- 
ation event for hRad9 that is cell cycle-regulated. We first 
identified these phospho-forms (hRad9o-) in HeLa cells that had 
been synchronized in G2 or mitosis and found that we could 
moderately increase their abundance by treating these cells 
with ionizing radiation. In contrast, we found that hTERT- 
RPE1 cells, a karyotypically normal human epithelial cell line, 
displayed practically no hRad9a in G2 and M unless cells were 
irradiated at this cell cycle position. The most plausible expla- 
nation for this inconsistency is that even in the absence of IR, 
the highly proliferative, cancerous HeLa cells contain sufficient 
endogenous DNA damage to trigger the checkpoint response. 
Hence, in the absence of IR this cell cycle-regulated and DNA 
damage-responsive phosphorylation event is readily detectable 
in HeLa cells. Based on our mutagenesis studies, we can con- 
clude that the cell cycle-regulated phosphorylation of hRad9 
occurs at a site(s) other than those we have identified as con- 
stitutive phosphorylation sites (serine 277, serine 328, serine 
336, or threonine 355) and does not occur on the IR-induced 
phosphorylation site at serine 272. 

Although phosphorylation at serine 272 is independent of 
cell cycle position and (SAT)P phosphorylation, the cell cycle- 
regulated phosphorylation of hRad9 is dependent on both cell 
cycle position and constitutive (S/T)P phosphorylation. Specif- 
ically, a S277A mutation reduces not only the constitutive 
phosphorylation of hRad9 but also its ability to undergo cell 
cycle-regulated hyper-phosphorylation when cells are arrested 
in mitosis (Fig. 6). Each of the other constitutive sites we have 
identified does not exhibit this behavior because mutational 
inactivation of serine 328, serine 336, and threonine 355 singly 
or in combination still yields a protein capable of efficient cell 
cycle-regulated hyper-phosphorylation (Fig. 6). Substituting 
threonine 292 with non-phosphorylatable alanine, however, 
completely abrogates one of the G2/M hyper-phosphorylated 
species of hRad9 and reduces the abundance of the other (Fig. 
6). Interestingly, threonine 292 is the only (S/T)P site that is 
conserved between hRad9 and S. pombe Rad9 (46). The com- 
plete loss of one of the hRad9o- forms in a T292A mutant may 
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indicate that threonine 292 is being phosphorylated in G2/M. 
An alternative explanation is that threonine 292 is constitu- 
tively phosphorylated and, like serine 277, is a prerequisite for 
hyper-phosphorylation of hRad9. Although the T292A muta- 
tion yields no detectable electrophoretic mobility change under 
normal conditions (Figs. IC, 2A, 6, A and B), a modest decrease 
in 32P uptake was observed in 32P-labeled cells (Fig. 2C; P4A 
compared with P5A, P6A, and P9A). Therefore, although the 
cell cycle-regulated hyper-phosphorylation is clearly dependent 
on threonine 292, further experimentation will be required to 
fully resolve the nature of this dependence. 

Perhaps of further interest is the observation that the 
hRad9ß forms, whose abundance normally exceed that of the 
hRad9a form when the protein is overexpressed (see Fig. 1), are 
all but absent during a demecolcine-induced mitotic arrest (Fig. 
6A). This could be the result of destabilization or further phos- 
phorylation of hRad9ß at the G2/M transition. Whether this 
has any relevance to the endogenous protein, however, which 
exists predominantly in the hRad9a form, remains to be seen. 

There has been much speculation recently that the associa- 
tion of hRad9 with hRadl and hHusl results in the formation 
of a ring-like heterotrimer that encircles the DNA double helix. 
Although the crystal structure of this complex has yet to be 
solved, structural predictions using the primary amino acid 
sequence of these three proteins indicate similarity to the 
PCNA homotrimer, a ring-like complex that acts as a sliding 
clamp over DNA. In these modeling studies, the entire length of 
hRadl and hHusl are used, but only the first 280 amino acids 
of hRad9 fit the predicted PCNA-like model (24). The SQ and 
(S/T)P sites critical for hRad9 phosphorylation sites we have 
reported here are located at either the very end of this region 
(serine 272 and serine 277) or C-terminal to it (threonine 292, 
serine 328, serine 336, and threonine 355). Because some data 
suggest that phosphorylation at these residues may be impor- 
tant for 9-1-1 assembly (18, 21), the C terminus of hRad9 may 
be acting as a regulatory domain for assembly of this complex. 
Alternatively, the attachment of these phosphates could influ- 
ence some other aspect of hRad9 function, such as its pro- 
apoptotic role. 

Although we have now identified two distinct forms of damage- 
dependent hRad9 phosphorylation, mapped at least four sites 
of constitutive phosphorylation, and characterized the interde- 
pendence of these events, many questions remain regarding 
the nature and function of hRad9 phosphorylation. These in- 
clude the location of the remaining constitutive sites of phos- 
phorylation and the identification of proteins responsible for 
the addition and removal of phosphates. In addition, it remains 
unclear whether the cell cycle-regulated phosphorylation of 
hRad9 occurs in G2 and persists through mitosis or whether 
these are two separate events. In any event, this is the first 
evidence linking the hRad9 protein to the G2/M transition, a 
transition in which the S. pombe Rad9 protein plays an instru- 
mental regulatory role. Furthermore, the discovery that hRad9 
undergoes at least two distinct phosphorylation events in re- 
sponse to IR raises other interesting questions. It is known that 
hRad9 hyper-phosphorylation in response to IR occurs concur- 
rently with its association with chromatin (29), and although it 
has yet to be shown directly, there is likely an interdependence 
between these two events. Which IR-induced phosphorylation 
of hRad9 coincides with its association with DNA is currently 
an unresolved issue. 
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Abstract 

The G2 DNA damage checkpoint prevents the initiation of mitosis in response 

to DNA damage or the inhibition of DNA replication, ultimately preventing the 

propagation of mutations. It has been demonstrated that hRad9 is the ortholog 

of fission yeast Rad9 which is essential for G2 checkpoint activity. It was 

observed that hRad9 exists in three distinct complexes, which are invariant in 

their relative abundance with respect to cell cycle position. However, it was also 

observed that hRad9 is phosphorylated specifically at G2/M of the cell cycle in 

HeLa cervical carcinoma cells, the first indication of any G2 specific alteration of 

hRad9. The cell cycle-dependent phosphorylation of hRad9 is distinct from the 

DNA damage inducible phosphorylation attributed to the ATM kinase, and occurs 

independently of the ATM dependent phosphorylation. Furthermore, in 

karyotypically-normal hTERT-RPE1 retinal epithelial cells it was observed that 

the cell-cycle specific phosphorylation of hRad9 could only be induced by 

treatment with DNA damage stimuli. 

Targeted mutagenesis of 13 sehne, threonine, and tyrosine residues 

conserved between the fission yeast, murine, and human Rad9 orthologs failed 

to identify the specific sites of hRad9 cell cycle phosphorylation. Furthermore, 

none of the hRad9 point mutants interfered with normal cell cycle progression, or 

interfered with ionizing radiation-induced G2 arrest. The cell cycle-dependent 

phosphorylation of hRad9 was also not observed to effect the formation of 

extraction resistant forms of hRad9 in response to DNA damage or replication 

inhibition. 
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Chapter 1 

Introduction 

1.1 Cell Cycle Checkpoints 

The cell has a number of mechanisms that ensure the proper chronology of 

cellular events and the fidelity of its genome; these mechanisms have been 

termed cell cycle checkpoints (1-3). In any single given oscillation of the cell 

cycle, the completion of certain cellular events prior to the initiation of other later 

events is essential for orderly cell division. Furthermore, a cell must ensure that 

those events involving the replication and transmission of its genome to its 

offspring are executed with optimal fidelity. The cell cycle checkpoint response is 

a diverse response involving cell cycle arrest (3, 4), the induction and repression 

of DNA damage inducible genes (5-10), and the up regulation of DNA repair and 

apoptotic pathways (4, 10-14). 

Cell cycle checkpoints regulate entry into S-phase and the entry and exit of 

mitosis in response to a number of cytotoxic stimuli (6, 15-17). Checkpoints serve 

to regulate cell cycle transitions by arresting the cell cycle at the G1/S (6, 15, 

18)and G2/M transitions (19-23) in response to DNA damage, to allow for DNA 

repair prior to DNA replication and mitosis (1, 3, 19, 20, 24, 25). Furthermore, 

cell cycle checkpoints serve to arrest DNA replication within S-phase in response 

to DNA damage (19, 26-31). In addition, the S-phase checkpoint has been 

demonstrated to prevent the onset of mitosis until DNA replication can be 

properly completed in fission yeast (21-23) as well as in the mammalian system 

(19, 31, 32). Cell cycle checkpoints also function to regulate entry into mitosis in 

1 



response to cell volume, and prevent mitotic exit in response to improperly 

segregated sister chromatids (17, 33, 34). Furthermore, in addition to their role 

in monitoring the mitotic cell cycle, checkpoint proteins have a demonstrated role 

in the maintenance of telomeres (35-42), and the regulation of the meiotic cell 

cycle in fission yeast (43, 44), budding yeast (45, 46) and mammalian cells (44, 

47). 

Cell cycle checkpoint pathways serve to prevent progression of the cell cycle 

at G1/S, within S-phase, G2/M and within mitosis in response to any event which 

may result in non-viable progeny, or the propagation of mutations within a given 

population of cells. 

1.2 DNA Damage Checkpoints 

It has been shown that the length of cell cycle arrest at the G1/S and 

G2/M transitions induced by DNA damage occurs in a dose dependent fashion 

(3, 6, 13, 19, 48). The dose dependency of checkpoint activity presumably 

occurs to facilitate increasing amounts of DNA repair being required due to an 

elevated incidence of DNA damage (1, 3, 24). Examples of DNA damage stimuli 

which induce arrest of the cell cycle include: double and single stand breaks 

induced by X- or y- radiation (49, 50) and chemical modifications of DNA caused 

by compounds that methylate or oxidize DNA (51, 52). Furthermore, UV-induced 

base mutations, which block DNA replication (53, 54), as well as chemicals 

which inhibit DNA replication like the ribonucleotide reductase inhibitor 

hydroxyurea have been demonstrated to activate cell cycle checkpoint pathways 



in eukaryotes (21-23, 55). Cell cycle checkpoint pathways have an important 

role in the normal life cycle of a healthy cell; checkpoints are proposed to survey 

for self-inflicted genomic wounds like stalled replication forks (56), recombination 

intermediates (46, 57), and naturally occurring base mismatches (58, 59). The 

importance of checkpoint proteins in the development and normal life cycle of the 

somatic cell is illustrated by the embryonic-lethal phenotype and massive 

genomic instability observed in transgenic mice deleted for the husl (32), ATR 

(60), and chkl (61) genes. 

1.2.1 The G1/S Checkpoint 

While this thesis deals with the S and G2/M checkpoints, the classic example 

of eukaryotic checkpoint control is the role of p53 and the G1 DNA damage 

checkpoint (11). Therefore, to place the importance of an understanding of the 

S-phase and G2/M checkpoints in the proper context, a description of the G1 

checkpoint is provided to illustrate the importance of an understanding of the 

G2/M checkpoint in treatment of cancers which harbor mutant p53 alleles. 

As mentioned previously, initiation of DNA replication is governed by the G1/S 

checkpoint (6, 13, 15, 16). Ultimately, regulation of the G1/S transition is 

dependent upon the sequential activation of the CDK6/cyclin D, CDK4/cyclin D, 

CDK2/cyclin E and CDK2/cyclin A serine/threonine kinase complexes (62-66). 

Activated cyclin/CDK complexes phosphorylate and thereby inhibit the 

retinoblastoma (Rb) tumor suppressor protein (7, 63, 64, 67). The normal 

function of Rb is to bind the E2F family of transcription factors, inhibiting their 



transcriptional acitivity (68-71). However, Rb phosphorylation by cyclin/CDK 

complexes results in Rb no longer being able to bind and inhibit the E2F 

transcription factors, allowing transcription of E2F responsive genes and 

induction of DNA replication (7, 72-74). The p53 tumor suppressor protein is 

essential for the G1/S checkpoint, as activated p53 prevents activation of 

CDK/cyclin complexes in response to DNA damage stimuli as part of its array of 

action (8, 75-77). 

The best characterized example of a defect in proper checkpoint function 

resulting in a loss of cell cycle control and carcinogenesis is the p53 tumor 

suppressor protein. Sporadic mutations in p53 occur in a majority of human 

cancers (11, 78, 79), and germline mutations of the p53 gene have been 

demonstrated to cause Li-Fraumeni cancer susceptibility syndrome (80-82). The 

p53 protein is a transcription factor whose activity is increased by elevation of 

p53 levels in response to DNA damage stimuli (6, 11, 83). 

Cells which express loss of function or dominant negative forms of p53 have a 

compromised G1/S checkpoint (13, 15) and do not undergo apoptosis (84-86) in 

response to exposure to DNA damage stimuli, and as a result, DNA replication 

occurs in cells which are treated with DNA damage stimuli resulting in the 

potential fixation of mutations. 

Nevertheless, it should be noted that p53 null cells which lack a functional 

G1/S checkpoint will still arrest at the G2/M checkpoint upon treatment with 

genotoxic agents (6), and do not display enhanced sensitivity to IR or 

chemotherapeutic agents (16).   Thus, the understanding of the G2/M and S- 



phase checkpoints is of particular importance in the etiology of human cancer. 

Furthermore, the study of the regulation of the G2/M and S-phase checkpoints is 

important, as the inhibition of these checkpoints would be of high therapeutic 

utility in the sensitization of p53-mutant cancer cells to radiation treatment and 

chemotherapy (30, 87-91). 

1.3 Regulation of the G2/M Transition. 

The G2 phase of the cell cycle exists to ensure that the cell has completed 

all the tasks required for it to sub-divide into two daughter cells during mitosis. 

The cell must ensure complete DNA replication (19, 21-23), that the cell has 

increased in volume sufficient for two cells (33), and that DNA damage does not 

exist which will result in non-viable progeny (1-3, 19, 21-23). 

Progression from G2 into mitosis, similar to the G1/S transition, is ultimately 

regulated by the activation of a cyclin dependent kinase complex. The 

Cdc2/cyclin B complex responsible for the regulation of the G2/M transition in 

humans and in fission yeast was originally described as the M-phase promoting 

factor (MPF) in frog oocytes as a factor capable of inducing entry into mitosis 

(92-99). The activation of Cdc2/cyclin B complexes is essential for progression 

through mitosis as Cdc2/cyclin B has been demonstrated to phosphorylate 

important structural components of the cell. Cdc2/cyclin B substrates include 

nuclear lamina, caldesmon, and the kinesin-like Eg5 protein and their 

phosphorylation drives entry into mitosis by the breakdown of the cellular 

structures (100-103). 



13.7 Cdc2/Cyclin B, Cdc25, and Wee1 

The regulation of Cdc2 occurs on two levels: Regulatory cyclin B binding and 

inhibitory phosphorylation. Cyclin B is a regulatory subunit of the Cdc2 kinase, 

and is essential for its activity (104-106). Cyclin B levels are regulated by cell 

cycle position and DNA damage. Regulation of cyclin B occurs at the mRNA and 

protein levels, with cyclin B levels peaking at G2/M of the cell cycle, giving the 

cell cycle specific activity of Cdc2 (105-109). In addition, cyclin B levels also 

decrease in response to ionizing radiation, concurrent with checkpoint activity 

(110). 

However, cyclin B binding is not sufficient for activation of Cdc2. The human 

Cdc2 kinase itself is inhibited by phosphorylation on three negative regulatory 

sites, threonine 14, tyrosine 15, and threonine 161 (93, 111-113). Inhibition of 

Cdc2 activity by phosphorylation blocks progression through G2/M of the cell 

cycle (113, 114). The major mode of Cdc2 inhibition is by phosphorylation at 

tyrosine 15 by the Wee1 tyrosine kinase, a target of the G2/M checkpoint 

response (115, 116). Mutation of Cdc2 inhibitory phosphorylation sites results in 

constitutive Cdc2 activation, resulting in cells being unable to complete DNA 

replication prior to entry into mitosis or arrest at the G2/M transition in the 

presence of DNA damage (117-119). 

The Cdc25C phosphatase works in opposition to the Wee1 kinase in the 

regulation of the Cdc2/cyclin B complex. The Cdc25C phosphatase is a dual 

specificity phosphatase that is a member of a family of phosphatases (Cdc25A, 



B, and C) in mammalian cells that are responsible for the regulation of cyclin 

dependent kinase complexes (112, 120-122). Cdc25C dephosphorylates 

threonine 14 and tyrosine 15 in human Cdc2 (112, 120-122). The 

dephosphorylation of Cdc2 results in its activation and the initiation of mitosis 

(112, 120-122). Moreover, Cdc2 exists in an autocatalytic loop with Cdc25C. 

Once activated, Cdc2 phosphorylates Cdc25C resulting in a higher Cdc25C 

activity and more Cdc2 molecules being activated (123). Furthermore, mutation 

of Cdc2 phosphorylation sites in Cdc25C results in cells being arrested at G2/M 

(123). 

1.4 The DNA Replication Checkpoint and the G2 DNA damage checkpoint 

The intra-S phase checkpoint is responsible for the arrest of DNA replication 

in response to DNA damage, and prevention of the onset of mitosis until 

completion of DNA replication (21-23, 29, 31). The G2 checkpoint was originally 

proposed to be responsible for arresting cells at the G2/M transition in response 

to DNA damage inflicted in G2 phase of the cell cycle (1, 21-23). Both 

checkpoints in humans and fission yeast are demonstrated to act through the 

ultimate inhibition of Cdc2/cyclin b (21-23, 93, 124), however it is becoming 

apparent that how these mechanisms achieve their eventual inhibition of 

Cdc2/cyclin B is more sophisticated than first hypothesized. 

In their work, Xu et al. describe two distinct G2/M checkpoints at work in 

mammalian cells, in addition to the intra S-phase checkpoint (19); it was shown 

that cells which were in G2 and S phase of the cell cycle arrested immediately in 



response to IR (19). However, cells that were deleted for the ATM gene did not 

arrest immediately in response to IR while in S-phase or G2 (19). Instead, ATM'' 

cells irradiated in S-phase subsequently arrested in G2 for an extended period of 

time, and cells irradiated in G2 did not arrest at all in response to ionizing 

radiation (19). Xu et al. term the immediate arrest in G2 to be the "early" G2 

checkpoint and the arrest in G2 after irradiation in G1 or S-phase to be"G2- 

accumulation" (19). This paradoxical result suggests that the immediate arrest in 

S and G2 phase (or "early" G2 checkpoint) is the same mechanism, with the "G2 

accumulation" being another checkpoint mechanism. Interestingly, the "G2 

accumulation" phenomena described by Xu et al. (19) is more reminiscent of the 

S-phase and G2 checkpoints observed in genetic analyses in fission yeast (21- 

23). The overlap of the intra-S, "early-G2" and "G2-accumulation" pathways, and 

which factors participate in these distinct pathways will be an area of 

considerable interest in the near future. 

1.4.1 Checkpoint Proteins 

Studies in the genetically tractable fission and budding yeasts have revealed 

a series of genes, that when deleted, prevent cells from arresting in response to 

DNA damage or replication inhibition, resulting in a hyper sensitivity to DNA 

damaging agents and replication inhibitors (1-3, 21-24). 

The initial description of a G2 checkpoint gene was made in budding yeast by 

Weinert and Hartwell in their description of S. cerevisae RAD9 (1, 3, 24). In their 

work, it was shown that disruption of the RAD9 gene in S.cerevisae prevented 

8 



cell cycle arrest at the G2/M transition in response to ionizing radiation, resulting 

in cell death in subsequent cell divisions (1, 24). Furthermore, Hartwell and 

Weinert also demonstrated increased cell survival could occur in irradiated 

populations of RAD9 deficient cells that were treated with a microtubule poison 

that arrested cells at G2 for several hours (24). Hartwell and Weinert's 

description of S.cerevisae RAD9 was the basis for the concept of cell cycle 

checkpoints (1-3, 24, 125). However, for the purposes of this thesis the budding 

yeast DNA damage checkpoint pathway has been omitted as the budding yeast 

cell cycle is spatially and temporally very different from that found in mammalian 

cells or fission yeast. 

1.4.1 The Checkpoint Rads and the Proposed Functions of the Human Homologs 
of the Checkpoint Rad Proteins. 

Genetic screens in the fission yeast Schizosaccharomyces pombe revealed a 

set of genes (rad1+, rad3+, rad9+, radlT, rad26+, and hus1+) that when deleted 

made cells hyper-sensitive to DNA replication inhibitors and to DNA damage 

(21-23). These six genes have been termed the 'checkpoint rad genes, and are 

functionally conserved in all eukaryotes, including humans (Table 1) (21-23, 126- 

129). Herein, I will refer to the checkpoint rad genes and their protein products 

using the nomenclature of their human forms. 

The powerful genetic analyses allowed by the fission yeast system began to 

reveal functional information about the checkpoint proteins.   It was determined 

that the checkpoint Rads had dual roles in the activation of the S-phase and G2 

DNA damage checkpoints (21-23). Furthermore, the presence of the checkpoint 
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Table 1: The checkpoint rad genes and the effector kinases 
in fission yeast and their homologs in budding yeast, and humans. 

PCNA-like _< 
proteins 

RFC-like 
proteins   ' 

Coiled-coil . 
proteins 

PI-3 Kinase. 
like proteins 

Effector 
Kinases -C 

S.pombe S.cerevisae H.sapiens 

rad9 DDC1 hRad9 

radl RAD17 hRadl 

husl MEC3 hHusI 

rad17 RAD24 hRadl 7 

rad26 DDC2 ATRIP 

rad3 MEC1/TEL1 ATR/ATM 

cdsl RAD53 Chk2 

chkl CHK1 Chk1 



rads was determined to be required for the activation of the downstream targets, 

including Cdc25, and Cdc2; suggesting that the checkpoint rads were involved in 

Cdc2 dependent G2 arrest (21-23, 130-132). 

1.4.2 rad3, rad26, ATM, ATR and ATRIP 

The fission yeast protein Rad3 is a serine/threonine protein kinase containing 

a PI-3-kinase related catalytic domain. The Rad3 protein complexes with, and 

phosphorylates, Rad26, a coiled-coil domain containing protein (133). 

Phosphorylation of Rad26 by Rad3 is independent of the remaining four 

checkpoint proteins (Rad1, Rad9, Rad17, and Hus1), however the other 

checkpoint proteins are required for downstream transduction of the checkpoint 

signal through Rad3 to Cdc2 (134, 135). It has been suggested that Rad3- 

Rad26 exists in a checkpoint pathway distinct from the other checkpoint Rads as 

Rad3 is required to initiate, but not maintain the checkpoint response (133, 134). 

Consistent with results in fission yeast two PI-3 related serine/threonine 

kinases have subsequently been identified to play similar roles in human cells as 

Rad3 does in fission yeast. The two kinases, ATM and ATR, are of fundamental 

importance in the human DNA damage response and checkpoint signaling. 

Substrates of ATM and ATR include a large number of proteins involved in the 

checkpoint response and DNA repair including, p53 (28, 136-138), MDM2 (139, 

140), BRCA1 (141, 142), hRad17 (143-145), hRad9 (146), histone H2AX (147, 

148), Chk1 (149-152), Chk2 (31, 153-155), and Nbs1 (29). Furthermore, there is 
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evidence indicating ATM and ATR themselves bind DNA, thus being directly 

being responsible for genome surveillance (143,156, 157). 

ATM and ATR substrate specificities have been determined in studies using 

oriented peptide libraries, and the mapping of physiological phosphorylation 

sites. It has been determined that ATM and ATR phosphorylate serine and 

threonine residues that are followed by a glutamine residue ([ST]Q motif) (29, 

158, 159) as they phosphorylate an overlapping range of substrates, albeit 

usually one kinase is usually favored over the other, suggesting a more 

sophisticated mechanism of substrate recognition than just the simple [ST]Q 

motif. 

The ATM kinase is thought to have a very wide range of roles in the cell. 

Germline homozygous mutations in the ATM gene have been demonstrated to 

be the causative factor in the cancer susceptibility syndrome ataxia 

telangiectasia (AT) (48, 160, 161). AT patients are shown to have immune 

deficits, a loss of motor control, exhibit high frequencies of cancer, and to be 

infertile, phenotypes that have been recapitulated in ATM1' transgenic mice (48, 

162). In addition, cells derived from AT patients and from ATM'/'rr\\ce are 

demonstrated to be deficient in multiple cell cycle checkpoints, and are extremely 

sensitive to IR (18, 19, 48, 163, 164). It has been shown that heterozygous 

carriers of a mutant ATM allele have been demonstrated to exhibit heightened 

cancer susceptibility (165-168); however, this hypothesis is a matter of some 

controversy (169-171).     It should be noted, that ATM substrates are still 
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phosphorylated in ATM deficient cells, however with delayed kinetics by what is 

thought to be ATR (28, 136, 137). 

The G2 checkpoint role of ATR is demonstrated in cells that are transfected 

with a kinase-inactive form of ATR (ATR-ki). Reports have demonstrated that 

addition of ATR-ki sensitizes cells to all forms of DNA damage stimuli, including 

IR, UV, and replication blockages, and diminishes the G2 checkpoint response 

induced by radiation (172). In addition, ATR'' mice exhibit peri-implantation 

embryonic lethality, with ATR'' blastocysts dying under culture conditions with an 

abrogated G2/M checkpoint, resulting in the premature entry of cells into mitosis, 

aberrant chromosome condensation and nuclear fragmentation indicative of a 

mitotic catastrophe (173). Consistent with work in transgenic mice, a conditional 

ATFfox/' cell line has been described (129). It has been demonstrated that after 

excision of the second ATR allele by Cre-recombinase, ATR'' cells persist in 

culture for a maximum of five days before dying (129). The finding of ATR'' 

lethality in somatic cells indicates that the ATR kinase is involved in cell viability 

in undamaged cells, possibly in surveillance of the genome during replication, 

and that the null mouse phenotype is probably not developmental in nature. 

The human Rad26 homolog, called ATRIP, was recently identified by mass 

spectrometry in ATR immunoprecipitates, (129). ATRIP is also a substrate of 

ATR, similar to the relationship between Rad26 and Rad3 (129, 134). 

Interestingly, ATRIP and ATR levels in the cell are cooperatively regulated; the 

addition of small interfering RNA (siRNA) directed against ATRIP reduced levels 

of both proteins.    Furthermore, ATRIP levels were reduced in the ATFF0X/' 
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conditional cell line upon excision of the second ATR allele (129). ATR substrate 

specificity is regulated by the other checkpoint proteins (143, 174), consistent 

with work in fission yeast. In HusT'' mouse embryonic fibroblasts, genotoxin 

induced Chk1 and hRad17 phosphorylation is abolished, indicative of a blockade 

of ATR activity (174). 

14.3 The hRad17 RFC complex 

The hRad17 checkpoint protein is thought to be a key initiator of the G2 DNA 

damage checkpoint (144). The hRad17 orthologs in fission yeast and human 

cells have limited sequence homology with the DNA polymerase accessory factor 

replication factor C (RFC) (175). RFC is a heteropentameric complex consisting 

of one large subunit (p140, 140 kDa) and four smaller subunits (p36, p37, p38 

and p40, 36, 37, 38 and 40 kDa respectively) (176). RFC serves to load the 

homotrimeric proliferating cell nuclear anigen (PCNA) onto DNA factor during 

DNA replication (177-179). 

Interestingly, hRad17 has been demonstrated to exist in complex with the four 

small RFC subunits (180, 181), with hRad17 replacing p140 in a large proportion 

of cellular RFC complexes (181). In vitro, hRad17-RFC complexes have been 

shown to preferentially bind to single stranded DNA (181); stimulating hRad17 

ATPase activity, consistent with a RFC-like Rad17 activity (181). In addition, 

there is in vivo data in both fission yeast and mammalian cells suggesting that 

hRad17 binds chromatin (143, 180, 181). Furthermore, it has been 

demonstrated that chromatin bound hRad17 is phosphorylated by ATR and ATM 
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at two sites (Serine 635 and 645) in response to DNA damage (144, 145, 182). 

Another report describing hRad17 phosphorylation indicates that it is greatly 

preferred by ATR compared to ATM, and that the phosphorylation is regulated in 

a cell cycle dependent manner occurring in the S and G2-phases of the cell cycle 

(145). It has also been demonstrated that when a mutant hRad17 lacking its 

ATM/ATR phosphorylation sites is expressed cells can no longer arrest at the 

G2/M transition in response to ionizing radiation treatment (144). The hRad17 

protein has been shown to interact with three other checkpoint proteins: hRad9, 

hRadl and hHusI (183). 

1.4.4 The hRad9 checkpoint protein and the 9-1-1 complex 

The hRad9, hRadl and hHusI checkpoint proteins are the enigma of the 

checkpoint response, and despite controversial, and sometimes conflicting, 

reports ascribing 3'-5' exonuclease activity to both hRad9 (184) and hRadl (44, 

185), the hRad9, hRadl, and hHusI proteins are without a truly defined function 

or downstream target. 

The weight of evidence has shown that the hRad9, hRadl and hHusI exist in 

a ternary complex (9-1-1 complex) with 1:1:1 stoichiometry (186-189). In 

addition, The hRad9 protein has been demonstrated to have a number of 

additional interacting partners including histone deacetylase 1 (190), 

topoisomerase binding protein II (191), the anti-apoptotic Bcl-2 and Bcl-X 

proteins (192). 
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Each of hRadl, hHusI, and hRad9 has been shown to exhibit limited 

sequence homology to PCNA, (175). However, hRad9 (391 residues) is much 

larger than PCNA (261 residues), with the PCNA homology in hRad9 being found 

in the N-terminal two-thirds of hRad9 (175). The C-terminal 111 residues of 

hRad9 contain an extensively phosphorylated domain of unknown function (193). 

It has been demonstrated that the C-terminus of hRad9 is phosphorylated at five 

cyclin dependent kinase consensus sites, and is phosphorylated in-vitro by 

CDK4, CDK2, and CDC2 (193) (St.Onge and Davey, Unpublished Results). The 

extensive phosphorylation of hRad9 results in a complex banding pattern by 

SDS-PAGE, with most of the hRad9 in the cell visible at approximately 62 kDa 

(hRad9a). Partially phosphorylated forms of hRad9 are visible by SDS-PAGE 

between 47 kDa and 62 kDa (hRad9ß) when large amounts of hRad9 are loaded 

onto a gel, when hRad9 is over-expressed, or when hRad9 is 

immunoprecipitated from cells (193). It has been demonstrated that hRad9 is 

phosphorylated by the ATM kinase in response to ionizing radiation (146, 193), 

resulting in a subtle electrophoretic mobility shift in the hRad9 protein by SDS- 

PAGE (hRad9y), running slightly slower than the hRad9a form. 

Each of the 9-1-1 complex proteins are localized to the nucleus of the cell, and 

have been proposed to play a role in surveillance of the genome (186, 194, 195). 

The PCNA homology of the 9-1-1 complex and the similarities of the hRadl7 

complex to the RFC complex leads to the tempting speculation that hRadl7 

loads the 9-1-1 complex proteins onto DNA as a heterotrimeric sliding clamp at 
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Sites of DNA damage, initiating checkpoint activity by acting as the most proximal 

end of the DNA damage checkpoint mechanism (175). 

Empirical and theoretical support of the hypothesis that hRad17 is responsible 

for loading the 9-1-1 complex onto DNA is considerable. Data from molecular 

modeling studies has demonstrated that hHusI, hRadl, and the C-terminal 280 

amino acids of hRad9 can all be threaded onto the known PCNA structure and 

model favorably in a heterotrimeric clamp structure (175). Furthermore, the 9-1-1 

complex has been shown to bind to chromatin in response to DNA damage or 

replication inhibition (143, 195). Interactions between hRadl7 and the 9-1-1 

complex proteins have been demonstrated by co-immunoprecipitation (183), with 

a direct pairwise interaction being demonstrated by yeast-two-hybrid between 

hRad17 and hRadl (196). In addition, the interaction between the hRad17 and 

hRadl proteins is enhanced in response to IR in vivo (144), suggesting that 

hRadl7 is responsible for loading hRad9-containing complexes onto chromatin in 

response to DNA damage through its interaction with hRadl, consistent with the 

RFC and PCNA homologies of the respective hRad17 and 9-1-1 complexes. In 

support of this hypothesis, it has been shown that hRad9 chromatin binding in 

response to genotoxins is reduced in cells that have had their hRadl7 levels 

greatly reduced by siRNA interference directed against hRadl7 (143). The 

overall model and relationships between the 9-1-1 complex and hRadl7-RFC 

awaits rigorous structural analysis. The proposed relationship between the 9-1-1 

and hRadl7 complexes, and the rest of the checkpoint machinery is detailed in 

Figure! 
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Figure 1. Proposed model of the DNA replication and G2 DNA damage 

checkpoint in mammalian cells. DNA damage in the form of IR, UV, or 

replication arrest results in Rad 17 dependent loading of 9-1-1 complexes onto 

damaged DNA. Phosphorylation of hRad9 and hRad17 is catalyzed by ATM and 

ATR, and is dependent upon the type of damage inflicted upon cells. ATM/ATR 

dependent phosphorylation of Rad17-RFCi-4 and the effector kinases Chk1 and 

Chk2 is dependent on 9-1-1 loading onto chromatin. Activation of Chk1 and 

Chk2 results in the phosphorylation of the Cdc25 phosphatases and Wee1 dual 

specificity kinase, and a concerted inhibition of Cdc2. Phosphorylation of Cdc25 

results in its binding 14-3-3 proteins and relocalization to the cytoplasm where it 

is unable to remove inhibitory phosphates from Cdc2. Furthermore, activated 

Wee1 phosphorylates of Tyrosine-15 of Cdc2-cyclin B complexes, inhibiting 

Cdc2. 
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Further genetic support for the 9-1-1 complex acting at the proximal end of the 

checkpoint signaling network is given from work in fission yeast and from studies 

in transgenic mice. In fission yeast, Rad3 is incapable of phosphorylating its 

downstream targets in the absence of any of the other five checkpoint Rad 

proteins (134). In addition, it has been revealed in hus1'A mouse embryonic 

fibroblasts that Hus1 is required for phosphorylation of Rad17 and Chk1 by the 

ATR kinase (174). Furthermore, transgenic hus1'A mice are embryonic lethal 

with primary cells derived from husTA mice exhibiting chromosomal abnormalities 

(32). The checkpoint effect of the husV'' genotype could not be accurately 

assessed, as primary cells derived from hus1'A mice were unable to proliferate in 

culture unless crossed into a p21v~ background (32). 

14.5 Effector Kinases Chk1 and Chk2/Cds1 

Chk1 and Chk2 link the checkpoint machinery to cell cycle regulation and 

DNA repair. The serine/threonine effector kinases Chk1 and Chk2/Cds1 

(human/fission yeast) have been demonstrated to relay checkpoint signals to a 

diverse array of downstream targets from the genome surveillance machinery, 

including the transmission of signals to the cell cycle machinery, and ultimately 

Cdc2 (22, 26, 131, 132, 135, 154, 164, 197, 198). The concerted action of 

Cdc25C and Wee1 on Cdc2/cyclin B complexes is subject to checkpoint- 

mediated regulation via Chk1 and Chk2. 

Chk1 and Chk2/Cds1 are structurally unrelated and appear to participate in 

distinct checkpoint pathways based upon genetic analyses in fission yeast and 
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transgenic mice (22, 26, 131, 132, 135, 154,164, 197, 198). However, Chk1 and 

Chk2/Cds1 have been shown to have overlapping substrate specificities, 

suggesting that they function in different checkpoint pathways to elicit checkpoint 

arrest and DNA repair by the same end-pathway. Substrates of Chk1 and 

Chk2/Cds1 include the checkpoint regulating Cdc25 phosphatases and Wee1 

kinase (27, 135, 154, 198, 199). Upon activation of the G2 or S-phase 

checkpoints, Cdc25C and Wee1 are directly phosphorylated by one of the 

checkpoint effector kinases: Chk1 or Chk2 (197, 200-204). Phosphorylation of 

Serine 216 of Cdc25C results in binding of the 14-3-3 protein 14-3-3a, 

relocalization of Cdc25C to the cytoplasm, and inhibition of its activity (199, 205- 

212). Concurrent with Cdc25C inhibition by 14-3-3 proteins it has also been 

demonstrated that phosphorylation of Wee1 results in 14-3-3 binding and an up- 

regulation of Wee1 kinase (213-215). 

Furthermore, Chk2/Cds1 phosphorylation has been shown to stabilize p53 

(216-218); interestingly, a subset of Li-Fraumeni patients have been shown to 

express mutant Chk2 alleles, rather than mutant p53 alleles, consistent with the 

role of Chk2 in p53 stabilization (216, 219). 

Both Chk1 and Chk2/Cds1 are phosphorylated in response to DNA damage 

by phosphpinositide-3 related (PI-3 related) protein kinases that are closely 

related to the Rad3 kinase found in fission yeast. Chk2 is phosphorylated at 

threonine 68 in response to IR by the ATM kinase (153, 155, 220, 221). 

Inducible phosphorylation of Chk2 at threonine 68 has been shown to be 

required for efficient activation of Chk2 kinase activity in response to DNA 
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damage (220-222). In contrast, Chk1 is phosphorylated at multiple sites in 

response to IR, UV, and replication blocks by the ATR kinase (149, 150, 152). 

However, the phosphorylation of Chk1 does not appear to stimulate its kinase 

activity and is thought to mediate binding of Chk1 substrates or interacting 

partners. Furthermore, the Rad3-Rad26 complex in fission yeast was 

demonstrated to phosphorylate the Chk1 and Cds1 effector kinases in response 

to DNA damage (222, 223). 

Fission yeast genetics has demonstrated that Cds1 is an effector of the S- 

phase checkpoint (26, 27, 224). The role of Cds1 in the S-Phase checkpoint is 

indicated by the inability of cdsl null cells to arrest themselves in S-phase in 

response to DNA damage or compounds that block DNA replication (224). This 

is consistent with reports in mammalian cells demonstrating that Chk2 is 

phosphorylated and activated in response to DNA damage and, has a role in 

protection against radio-resistant DNA synthesis, and in a transient response to 

DNA damage (19, 31). It has been demonstrated that mouse embryonic stem 

cells deleted for chk2 are capable of properly initiating, but not maintaining the 

G2 checkpoint in response to DNA damage for extended periods (216). 

Meanwhile, the weight of evidence from fission yeast and mammalian cells 

strongly implicates Chk1 as being involved in the G2-DNA damage checkpoint 

delay. Chk1 kinase activity has been demonstrated to be enhanced in the S and 

G2-phases of the cell cycle (151). Fission yeast deleted for Chk1 are replication 

checkpoint proficient, but cannot arrest at, or accumulate in, G2 in response to 

DNA damaging agents (131, 132, 197).  Furthermore, chk1v~ mice are not viable 
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at the blastocyst stage, dying between 3.5 and 6.5 days after fertilization with 

gross morphologic abnormalities in their nuclei (61). In addition, chkV'' 

blastocysts cannot prevent the onset of mitosis in response to IR or replication 

inhibition, similar to a report describing a null chkl cell line created by conditional 

recombination (61, 150). 

This thesis describes a study of the complex state of the hRad9 

checkpoint protein, a description of a novel cell cycle specific phosphorylation of 

hRad9, and the implications for hRad9 chromatin binding. 
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Chapter 2 

Materials and Methods 

2.1 Bacterial Manipulations 

All transformations of plasmid DNA for normal propagation were done in 

XL1-Blue chemically competent Escherichia coli (F'::Tn10 proA*B* lad q D(lacZ) 

M15/recA1 endA1 gyrA96 (Nalr) thi hsdR17 (rK"mK
+) supE44 relA1 lac) (225). 

Site-directed mutagenesis reactions employed electro-competent, mismatch 

repair deficient, BMH 71-18 mutS null bacteria (thi, supE, A(lac-proAB), 

[mutSv.TnWWproAB, lad q ZAM15]. 

Both bacterial strains XL1-Blue and BMH 71-18 were propagated in LB 

medium (10 g/L Tyrptone/Peptone, 10 g/L NaCI, and 5 g/L Yeast Extract) 

supplemented with 100 ng/ml_ ampicillin (LBamp), or were grown on solid LB 

+2% Agar plates supplemented with 100 jig/mL ampicillin (LBamp plates). All 

liquid cultures were grown at 37°C with constant agitation; all bacteria on solid 

media were grown at 37°C, where indicated. 

For normal transformation, chemically competent XL1-Blue bacteria (225) 

(100 |iL) were transformed with 1-5 JJ,L of miniprep DNA (preparation described 

below). Competent bacteria and DNA were mixed and incubated on ice for 10 

minutes, treated at 42°C for 1 minute, and allowed to recover for 1 hour in 1 mL 

of LB media lacking antibiotic. After recovery, transformed bacterial cultures 

were diluted to 5 mL in LBamp or 20 jxL was plated on LBamp plates, and grown 

overnight at 37°C.   Liquid cultures were grown with a constant agitation of 220 
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rpm on a G10-Gyrotory Shaken (Edison Scientific, Edison NJ).    Chemically 

competent XL-1 -Blue bacteria (225) were generated by Kathy Kennedy. 

In the initial step of site directed mutagenesis 2 JJ,L of each mutagenesis 

reaction was diluted to 10 |J_ with sterile H2O and transformed by electroporation 

into 50 p,L of electro-competent BMH 71-18 bacteria. Electroporations were done 

using a Micro-Pulser electroporator (Bio-Rad, Hercules CA) in a 0.2 cm cuvette 

(Bio-Rad, Hercules CA) at 2.5 kV, with time constants between 5.0-5.7 mS. 

Electroporated bacteria were then allowed to recover in 500 ^L of LB media 

without antibiotic for 1 hour at 37°C, collected by brief centrifugation at 16,000 g 

and resuspended in 5 ml_ of LBamp overnight. Electrocompetent BMH 71-18 

bacteria were generated from a stock supplied with the Transformer Site Directed 

Mutagenesis Kit, consistent with the manufacturer's instructions. 

2.1.1 Plasmid DNA Purification 

All small scale DNA preparations of recombinant DNA (miniprep) described in 

this thesis propagated in either BMH 71-18 or XL-1-Blue bacteria were purified 

using a QIAGEN Plasmid Mini Kit (QIAGEN, Mississauga ON) according to the 

manufacturer's instructions. 

Large-scale preparations of plasmid DNA (maxiprep) were derived from 200 

mL bacterial cultures grown in LB-Amp. A single colony of XL1-Blue bacteria 

grown on solid media was used to inoculate 5 mL LB-amp and was grown at 

37°C for 8 hours. After 8 hours, the 5 mL culture was pelleted, re-suspended in 1 

mL of fresh LB-amp and used to inoculate a 200 mL culture that was grown for 
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16-20 hours at 37°C. Bacterial cultures were harvested at 6000g for 10 minutes 

in a Beckman J2-21M/E centrifuge using a JA-10 rotor (Beckman-Coulter, 

Mississauga ON). Plasmid DNA was purified from bacterial cultures using a 

QIAGEN Maxi Kit (QIAGEN) consistent with the manufacturer's instructions. 

2.2 Site Directed Mutagenesis 

The transformer site directed mutagenesis kit, purchased from Clontech 

(Palo Alto, CA) was used to introduce point mutations into the hRad9 cDNA 

expressed from the pYDF-hRad9 expression construct. Oligonucleotides used in 

the generation of single amino acid mutations of hRad9 are described in Table 2. 

All oligonucleotides were purchased from Invitrogen/Gibco-Life Technologies 

(Burlington, ON) or Cortec DNA Service Laboratories (Kingston, ON). All 

oligonucleotides used for the insertion of point mutations were purchased with 

the 5'-phosphate added, and all oligonucleotides used for selection of mutant 

pyDF31-hRad9 constructs had the 5'-phosphate added by polynucleotide kinase 

(PNK) after purchase. 

2.2.1 Oligonucleotide Phosphorylation 

As indicated in the materials section, the oligonucleotides used for selection of 

mutant plasmids were purchased without a phosphate attached to their 5'- 

termini, and were phosphorylated by PNK. PNK reactions were performed in a 

total volume of 20 |xl_ containing 1X PNK buffer (New England Biolabs, Beverly 

MA), 10 U of PNK (New England Biolabs), 1 ug of oligonucleotide,   and 1 mM 
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Table 2: Oligonucleotides Used for Site Directed Mutagenesis and 
Sequencing of mutant pYDF31-hRad9 constructs. 

Name 5'-3' Sequence pYDF31-hRad9 
Restriction Site 

Abolished 
Selection #1 GCTCTAGCCCTGGAGATGAAGTGC Xho1 
Selection #2 CAAGTAGCGGCCGGTAATTCCTGATTG Not1 

S21A CCACTCCCTGGCCCGCATCGG N/A 
Y28F GGACGAGCTCTTCCTGGAACCC N/A 
S43A GACGGTGAACGCCTCCCGCTC N/A 
S44A GGTGAACTCCGCCCGCTCTGC N/A 
S46A CTCCTCCCGCGCTGCCTATGC N/A 
T121A GGTGCGGAAGGCTCACAACCTG N/A 
T167A GGCTGAAGTGGCGCTGGGCATTG N/A 
T195A AGCCATGGTGGCTGAGATGTGCC N/A 
T216A GGIGGCCAICGCI I ICIUCCIC N/A 
T250A CGCCATCTTCGCCATCAAGGAC N/A 
T264A TGTCTTGGCCGCACTCTCAGAC N/A 
S341A CGGTCCCCAGCGCGAGGAGGAAG N/A 

T2 AGAGAAGGGCAGAACAG N/A 
F4 CTTCCAGCAATACCAG N/A 



ATP. Reactions were incubated for 60 minutes at 37°C, and were subsequently 

quenched by heating at 65°C for 10 minutes. The final concentration of 

oligonucleotide in each reaction was 0.05 fxg/uL Each of the oligonucleotides 

designed to insert point mutations into hRad9 were diluted to 0.05 |ag/mL in 

sterile H20 upon receipt. 

2.2.2 Mutagenesis Reactions 

All buffers and enzymes, with the exception of the restriction endonucleases, 

were supplied by the manufacturer; the protocol described is based upon that 

described in the supplied instruction manual (226). All restriction enzymes used 

were purchased from New England Biolabs, and used in the appropriate 1X 

buffer consistent with the manufacturer's instructions. All digests were carried 

out at 37°C. 

The selection oligonucleotide used to generate each hRad9 point mutant is 

indicated in Table 3.    For each pYDF31-hRad9 point mutant generated the 

following were combined in an annealing reaction.   Annealing reactions were 

made to a total volume of 20 jxL containing 1X annealing buffer (20 mM Tris pH 

7.5, 10 mM MgCI2, 50 mM NaCI), 0.1 jag of pYDF-hRad9 maxiprep DNA, 0.2 ng 

of mutagenic oligonucleotide, and 0.2 ^g of selection oligonucleotide.    The 

mixture was heated at 100°C for 5 minutes, and then mutagenic oligos were 

allowed to anneal by incubation of mixtures in an ice-H20 bath for 5 minutes. 

Synthesis reactions were prepared by the addition of 3.0 jaL of 10X synthesis 

buffer  (nucleotide  mixture,  concentration  proprietary),   1.0  \xl  of T4  DNA 
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Table 3: Oligonucleotides Used to Select and Sequence pYDF31-hRad9 
point mutants 

I 

Mutant Selection Primer Sequencing Primer 
S21A Selection #1 T2 
Y28F Selection #1 T2 
S43A Selection #1 T2 
S44A Selection #2 T2 
S46A Selection #2 T2 

T121A Selection #1 F4 
T167A Selection #2 F4 
T195A Selection #1 F4 
T216A Selection #1 F4 
T250A Selection #1 F4 
T264A Selection #2 F4 
S341A Selection #1 F4 



polymerase, 1.0 |il_ of T4 DNA ligase, and 5.0 ^L of H20 added to the 20 pL 

annealing reaction. Each synthesis reaction was then incubated for 2 hours at 

37°C. Each synthesis reaction was inactivated at 70°C for five minutes. 

After synthesis, each mutagenesis reaction was subjected to digestion with a 

restriction endonuclease corresponding to the selection oligonucleotide used in 

the mutagenesis reaction (Table 2 and 3). In those mutagenesis reactions that 

used selection oligonucleotide #1 and oligonucleotide #2, Xho\ and Not\ 

respectively were used to select for populations of mutant plasmids. 

Selection of mutant plasmids using Xho\ and Not\ was done in reactions 

adapted for NaCI concentrations the addition of reagents as follows: Not\: 15 U 

Not\, 1X BSA, and 0.75 X NEB #3; Xho\: 15 U Xho\, 1X BSA, 0.25 X NEB #2. 

Digestions were incubated at 37°C for 2 hours, transformed into BMH 71-18 

electrocompetent bacteria, as described above and grown overnight in 5 ml_ of 

LB-amp. The following day bacterial cultures were harvested and plasmid DNA 

was purified. Purified plasmid DNA (2 ^L) was then subjected to a secondary 

digestion with the appropriate restriction endonuclease for two hours at 37°C. 

After two hours, an additional 10 U of restriction endonuclease was added and 

reactions were allowed to incubate for an additional hour. After enzyme 

digestion, 10 \iL of each digest was transformed into XL1-Blue chemically 

competent bacteria, and 100 fxL was plated on LBamp overnight. 

An initial estimate of mutagenic success was made by restriction digests of 

mutant plasmids to test for abolition of the selection site used in mutagenesis. 

For each mutant, colonies were picked in duplicate, grown overnight in 5 ml_ of 
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LBamp, plasmid DNA was purified, and 2 \± was digested with the appropriate 

restriction endonuclease in a total volume of 20 \xL. Digests were separated by 

electrophoresis through 0.7% Agarose/TAE (40 mM Tris, 1 mM EDTA, 40 mM 

Acetic Acid, pH 8.0) gels containing 0.5 |ag/ml_ ethidium bromide. If the selected 

Xho\ or Not\ site of the pYDF31 vector was destroyed, the sequence the hRad9 

cDNA insert was determined to confirm the presence of the mutation. 

2.2.3 Sequencing 

All sequencing was done by an automated DNA sequencer by Canadian 

Molecular Research Services (Ottawa, ON). Table 3 indicates which 

oligonucleotides were used to sequence each of the hRad9 mutant constructs. 

2.3 Mammalian Cell Culture and Manipulation 

HeLa cells are a Human Papillomavirus transformed cervical cancer line (227, 

228). The hTERT-RPE1 cells (Clontech) are human retinal epithelial cells that 

have been immortalized by stable expression of the human telomerase reverse 

transcriptase; hTERT-RPE1 possess a normal diploid karyotype and do not 

exhibit characteristics of a transformed cell line, other than an indefinite lifespan 

(229, 230). 

2.2.3.7 Culture Conditions 

All mammalian cells were cultured at 37°C under a humidified atmosphere of 

5% C02. HeLa cells were grown in DMEM with high glucose (4.5 g/L D-glucose, 
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2 mM L-glutamine, and pyridoxine HCI, 110 mg/L sodium pyruvate and 3.7g/L 

sodium bicarbonate) supplemented with 10% heat-inactivated FBS. The hTERT- 

RPE1 cells were grown in DMEM F-12 (containing 15mM HEPES, L-glutamine, 

and pyridoxine HCL, and 1.2 g/L sodium bicarbonate) supplemented with 10% 

heat-inactivated FBS. Both media were supplemented with a 1X concentrations 

of antibiotic/antimycotic cocktail (10 units/mL penicillin G sodium, 10 ng/mL 

streptomycin sulfate, and 25 ng/mL amphotericin B). When cell populations 

became confluent they were washed with PBS (137 mM NaCI, 2.7 mM KCI, 4.3 

mM Na2HP04, and 1.4 mM KH2P04, pH 7.4) and removed from the plate by 1 ml_ 

of trypsin solution (0.05% trypsin, 2.0 g/L EDTA, and 8.5 g/L NaCI) for 5 minutes 

at 37°C, a portion of the confluent population was used to seed new cultures. 

Confluent Hela cell populations were subcultured at a dilution of 1:10. Confluent 

hTERT-RPE1 populations were subcultured at a dilution of 1:6. All tissue culture 

reagents were purchased from Gibco Life Technologies. 

2.2.3.2 Radiation and Drug Treatments 

Thymidine (100 mM) used in cell synchronization, and Hydroxyurea (1 M) 

were purchased as solids, diluted in sterile H20 to the indicated stock 

concentrations, and filter sterilized through a 0.2 ^im filter. Nocodazole was 

purchased diluted to 2.5 mg/mL in DMSO, and Bleomycin was purchased at a 

concentration of 2 mg/mL in saline solution. Thymidine, hydroxyurea and 

nocodazole were all purchased from Sigma (St. Louis, MO). Bleomycin was 

purchased from ICN (Montreal, QC). 
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Cell cultures were treated with ionizing radiation using an Atomic Energy of 

Canada (Mississauga, ON) y-irradiator. Ionizing radiation was delivered from a 

137Cs source with a dose rate of 0.76 Gy/minute. Hydroxyurea, a competitive 

inhibitor of ribonucleotide reductase (55), was added to tissue culture media at a 

concentration 10 mM for 18 hours to arrest cells in S-phase. Bleomycin, a 

radiomimetic drug that generates DNA double strand breaks (231), was added to 

tissue culture media at a concentration of 20 |j,g/mL for 2 hours. 

2.2.3.3 Cell Synchronization 

Synchronous populations of HeLa cells were derived from the double 

thymidine block method, the method demonstrated to yield the most synchronous 

populations of HeLa cells (232). Thymidine treatment yields synchronous 

populations of HeLa cells due to feedback inhibition; the treatment of cells with 

an overabundance of thymidine results in an arrest of the production of all 

deoxynucleotides and arrest of cells early in S-phase (232). 

HeLa cell cultures that were approximately 20-30% confluent were treated 

with 2 mM thymidine for 18 hours, cultured in media lacking thymidine for 8 hours 

and were treated a second time with 2 mM thymidine for 18 hours. After double 

thymidine block, populations of HeLa cells synchronized to early S-phase were 

released from thymidine containing media to various points in the cell cycle. To 

generate mitotic populations of cells the microtubule poison nocodazole was 

added to tissue culture medium to a final concentration of 0.5 |j.g/mL. 

Nocodazole was added to cells immediately after release from thymidine 
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synchronization, and left for approximately 11 hours; alternatively cells were 

treated with nocodazole, without prior thymidine synchronization, for 18 hours. 

The hTERT-RPE1 cells were synchronized by a single 24-hour treatment in 5 

mM thymidine. After treatment, cells were washed in PBS, grown in media 

lacking thymidine, and allowed to cycle to various points of the cell cycle. This 

protocol was originally described for hTERT-RPE1 Cells by St.Onge et al. (193), 

and was originally developed by Minwoo Park. The degree of synchronization 

and cell cycle position was assayed by flow cytometry (see section 2.8). 

2.2.3.4 Transfection 

The hRad9 cDNA was expressed in the pYDF31 mammalian expression 

vector that had its FLAG epitope cDNA excised by Kathy Kennedy. The hRad9 

cDNA was originally subcloned into the Xho\ and Xba\ restriction sites by Robert 

St.Onge. Transcription in the pYDF31- hRad9 construct is driven by the strong 

constitutive SR a-promoter composed of the SV40 early promoter and a portion 

of the long terminal repeat of the human T-Cell leukemia virus (233). 

Cells were transfected with pYDF31-hRad9 constructs using a cationic 

liposomal transfection reagent, as follows: HeLa cells that were approximately 

40% confluent were transfected in 10 cm tissue culture dishes using 20 |uL of a 

2:1 molar ratio of DOPE (1,2dioleoyl-sn-glycerophosphatidylethanolamine) and 

DDAB (dimethyldioctadecylammonium bromide). Both chemicals were 

purchased from Sigma. The transfection reagent was mixed with 2 ng of 

plasmid DNA in 3.3 ml_ of serum free DMEM, and applied to cells for 5 hours. 
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After 5 hours, the transfection mixture was replaced with complete DMEM for 48 

hours prior to harvest. 

2.4 Cell Lysis 

In all cases, cells were washed once with PBS directly on the plate, harvested 

by scraping with a rubber policeman in 5 ml_ of PBS, and collected by 

centrifugation in a tabletop centrifuge at 75 g for 5 minutes. For immunoblotting, 

cells were lysed directly in equal volumes of SDS-PAGE sample buffer within a 

given experiment. 

In preparation for gel filtration chromatography cells were lysed by the 

addition of 1.5 ml_ of NETN lysis buffer (50 mM Tris pH 8.0, 150 mM NaCI, 0.5% 

NP-40, 1mM EDTA, 10mM ß-GP, 1mM Na3V04, 1mM PMSF, 20 ng/mL aprotinin, 

4 fxg/mL leupeptin, and 1 j^g/mL pepstatin), followed by incubation on ice for 10 

minutes. Subsequently, genomic DNA was sheared ten times with a 23-gauge 

needle. Lysates were cleared by centrifugation in a microfuge (Eppendorf 5415 

D) at 16200g for 10 minutes at 4°C. 

In preparation for immunoprecipitation, cells were lysed in NETN buffer, as 

described above, except that NP-40 was replaced by 1% Triton X-100. 

2.5 Gel Filtration Chromatography 

Gel filtration chromatography was carried out using a Biologic Low 

Pressure Chromatography Pump System (Bio-Rad, Hercules CA). Sephacryl S- 

300 High Resolution size exclusion media was used to separate protein mixtures 
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(Bio-Rad, fractionation range of 10kDa to 1.5MDa). The gel filtration column had 

a final packed bed of 73cm in height and 1.5 cm in diameter. Purified proteins 

(670 kDa bovine thyroglobulin, 158 kDa bovine y-globulin, and 44kDa chicken 

ovalbumin) used in externally standardizing the gel filtration column were all 

purchased from Sigma. 

The gel filtration column was packed and equilibrated in PBS supplemented 

with the phosphatase inhibitors 50 mM ß-GP and 50mM NaF to prevent hRad9 

dephosphorylation; hereafter this buffer will be referred to as elution buffer. 

Elution buffer was filtered through a 0.2 urn filter to remove insoluble material. 

Initially, 5 mg each of thyroglobulin, y-globulin, and ovalbumin were dissolved in 

1.5 ml_ of elution buffer and fractionated over the gel filtration column. The 

elution of these three proteins was determined by UV absorbance at 254 nm, and 

served to standardize the column with species of known molecular weight for a 

given elution volume. 

For each gel filtration chromatography experiment 11 dishes (10 cm diameter) 

of HeLa cells that were 20-30% confluent were synchronized by double 

thymidine block were released to the indicated cell cycle positions. One plate 

was fixed and analyzed by flow cytometry for cell cycle position. The remaining 

10 plates were lysed in 1.5 ml_ of NETN buffer. Cleared cell lysates were loaded 

onto the gel filtration column and fractionated at a flow rate of 0.25 ml_ per 

minute, with total protein elution being followed by UV absorbance at 254 nm. 

Fractions (1 mL) were collected using an automated fraction collector (Bio-Rad). 

Collection was initiated once protein began to elute from the column and 
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fractions were collected for the duration of protein elution. To each fraction, 300 

fj.L of 3 X SDS-PAGE sample buffer was added and fractions were boiled for 5 

minutes at 100°C. Fractions were then analyzed by antibodies directed against 

hRad9. 

2.6 CellFractionation and Immunoprecipitation 

For the hRad9 extractability experiments described (section 3.4), 2 plates of 

HeLa cells synchronized by double thymidine block, treated with drugs as 

indicated, were then fractionated by a protocol essentially identical as described 

by Burtelow et al. (195).   Cells that were washed in PBS and harvested by 

scraping were permeabilized in cold low salt buffer (LS buffer) (10 mM HEPES 

pH 7.4, 10 mM KCI, 50 ng/mL digitonin, 10mM ß-GP, 1mM Na3V04, 20 |ag/ml_ 

aprotinin, 4 (ag/mL leupeptin, 0.4 mM AEBSF, and 1 ng/mL pepstatin) for 10 

minutes at 4°C with gentle agitation. After ten minutes, permeabilized cells were 

collected by centrifugation at 1100 g for 5 minutes in a microfuge.    After 

centrifugation, supernatant was saved and labeled as the LS fraction. The pellet 

was washed once in 5 ml_ of wash buffer, which was identical to LS buffer but 

lacking digitonin, and collected by centrifugation at 75 g in an I EC Centra table 

top centrifuge (Thermo IEC, Needham Heights, MA) for 5 minutes at 4°C. After 

washing the supernatant was discarded and the pellet was lysed by the addition 

of 1 mL of cold high salt nuclear extraction buffer (HS buffer) (1% triton X-100, 50 

mM HEPES pH 7.4, 250 mM NaCI, 30 mM Na4P207, 1 mM EDTA, 10 mM ß-GP, 

1 mM Na3V04, 20 ng/mL aprotinin, 4 ng/mL leupeptin, 0.4 mM AEBSF, and 1 
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|K|/mL pepstatin). Samples were incubated for 10 minutes at 4°C with gentle 

agitation. After lysis in HS buffer, samples were cleared by centrifugation at 

16,200 g in a microfuge for 10 minutes at 4°C, the supernatant was saved and 

referred to as the HS fraction. Saved LS and HS fractions were then pre-cleared 

with 20 |iL of agarose conjugate for 30 minutes at 4°C and then cleared by briefly 

centrifuging at 16,200 g in a microfuge. Pre-cleared lysates were 

immunoprecipitated with 30 |j,L antibodies directed against hRad9 and 20 )j.L of 

agarose conjugate overnight at 4°C. The following day, immunoprecipates were 

harvested by centrifugation at 400g in a microfuge for 5 minutes at 4°C, washed 

three times with 1 mL of PBS, boiled for 5 minutes at 100°C in 50 uL of 1.5 X 

SDS-PAGE sample buffer, and examined by immunoblotting. 

2.2.6.1 Phosphatase Assay 

For phosphatase assays, soluble cell lysates were derived from two plates of 

HeLa cells that were harvested and lysed in 1 mL of the HS buffer used in the 

cell fractionation assay to ensure complete extraction of all hRad9 species from 

cells. Cell lysates were pre-cleared and immunoprecipitated as described for the 

hRad9 extractability experiments. Immunoprecipitates were washed 4 times in 1 

mL of PBS of ensure complete removal of phosphatase inhibitors from hRad9 

immunoprecipitates, and equilibrated in 1 X CIP reaction buffer (Boehringer 

Mannheim, Laval QC).  Beads with bound hRad9 immunoprecipitates were then 

incubated at 100°C for five minutes in 60 fxL of 1 X CIP reaction buffer with 1 % 

SDS added to elute bound hRad9 proteins from the beads.    Boiled samples 
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were centrifuged briefly at 16,200 g in a microfuge, and the supernatant was 

divided into three for each timepoint. For each of the three aliquots within a 

given timepoint, samples were either diluted with 140 ja.L of 1 X CIP reaction 

buffer, 140 |^L of 1 X CIP reaction buffer containing 30 units of CIP (Boehringer 

Mannheim), or 140 \iL of 1 X CIP reaction buffer containing 30 units of CIP and 

made to 50 mM ß-GP. Reactions were incubated at 37°C for 40 minutes and 

reactions were quenched by the addition of 100 JLIL of 3X SDS-PAGE sample 

buffer. Reactions were examined by immunoblotting. 

2.7 SDS-PAGE and Immunoblotting 

SDS-PAGE was done as described by Laemmli et al. (234). In all cases 

equivalent cell volumes of cell lysate or immunoprecipitation were separated 

through the indicated acrylamide concentration. After electrophoresis, proteins 

were transferred to 0.2 \im pure hybond nitrocellulose (Amersham-Pharmacia, 

Piscataway NJ) by a Trans-Blot SD semi-dry transfer apparatus (Bio-Rad), and 

subsequently blocked in PBS with 5 % nonfat milk powder and 0.1 % Tween-20 

(Bio-Shop, Mississauga ON) for 30 minutes at room temperature. Blocked 

membranes were then washed once with PBS and incubated overnight with 

antibodies directed against hRad9 diluted in PBS at 50 ng/mL, for one hour at 

room temperature, or overnight at 4°C. After incubation, blots were washed 

twice for 10 minutes in PBS + 0.1% Tween-20 (PBST), and twice for five minutes 

in PBST.  Blots were then incubated with goat-a-chicken HRP conjugate diluted 

1 in 50,000 in PBS for one hour at 4°C, as washed as before.   The hRad9 
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species were visualized by enhanced chemiluminescence (Perkin Elmer/NEN, 

Boston, MA). 

The antibody directed against hRad9 described was affinity purified against 

recombinant hRad9, was produced by RCH antibodies, and originally described 

by St. Onge et al. (186). Secondary antibodies used for immunoblotting and 

flow cytometry were purchased from Jackson Immuno-Research Laboratories. 

The a-chicken-lgY agarose conjugate used for immunoprecipitation was 

purchased from Promega. 

2.8 Flow Cytometry 

Samples that were fixed and stained (as indicated below), were analyzed on a 

Beckman/Coulter EPICS Elite flow cytometer or on a Beckman/Coulter EPICS 

Altra flow cytometer by Derek Schultze. Within a given experiment equal 

numbers of events were counted for each sample, ranging between 8,000 and 

20,000 events per sample. 

2.2.8.1 PI Staining of Nuclei 

Harvested cells were resuspended in 1 ml_ of PBS +1 % FBS and 1 ml_ of 100 

% ethanol, mixed gently and incubated on ice for at least 30 minutes to fix cells. 

Cells were then washed twice with 5 mL of cold PBS, collected by centrifugation, 

and resuspended in PBS +1 % FBS + 0.5 mg/mL Ribonuclease A (RNaseA) and 

incubated at 37°C for 40 minutes.   Cells were collected by centrifugation and 
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resuspended in 1 ml_ of PBS + 50 |ag/ml_ propidium iodide and 0.1 mg/mL 

RNaseA. 

2.2.8.2 Dual hRad9 Fluorescent and PI Staining 

Harvested and washed cells were fixed in 1 ml_ of 2 % paraformaldhyde for 

15 minutes at room temperature. Cells were then washed twice with PBS and 

incubated with 1 mL of ice cold blocking solution (1% normal goat serum, 0.1% 

triton X-100 in PBS) for 15 minutes on ice. Blocked cells were then treated with 

1 mL of RNaseA solution (diluted to 0.5 mg/mL in blocking solution) for 30 

minutes at 37°C. Cells were then collected and washed twice in 2 mL of washing 

solution (0.1 % Triton X-100 in PBS) and incubated with 200 ^L of antibody 

solution (hRad9 antibody diluted to 125 ng/mL in blocking solution) for 1 hour at 

room temperature with gentle agitation. After primary antibody incubation, cells 

were washed twice with washing solution and incubated with 200 ^L of Alexa- 

488 goat-cc-chicken-lgY antibody (Jackson Immuno-research Laboratories, West 

Grove PA) diluted to 2 |ag/mL in blocking solution for 45 minutes at room 

temperature with gentle agitation. Alexa-488 antibody incubations were done in 

darkness to avoid photo-bleaching of the fluorescent tag. After secondary 

antibody incubation cells were washed twice in 1 mL of washing solution and 

suspended in washing solution containing 50 |j,g/ml propidium iodide. 
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Chapter 3 

Results 

Some of the results in this section have been published previously. The data 

describing the cell cycle specific phosphorylation of hRad9 in HeLa and hTERT- 

RPE1 cells was described by St.Onge et al. (193). 

3.1 hRad9 Exists in 3 Distinct Complexes 

Genetic analyses in S. pombe and cross species complementation have 

demonstrated that hRad9, like its orthologous counterpart in fission yeast, has a 

role in arresting the cell cycle at G2 in response to DNA damage or replication 

stress (21, 126). Furthermore, the large number of reported hRad9 interacting 

proteins (183, 186, 187, 190, 191, 194) suggests that hRad9 may exist in a 

series of distinct complexes that are dynamic not only in response to DNA 

damage, but also within the context of the cell cycle. To address this question, 

hRad9 containing complexes were analyzed at various stages of the cell cycle by 

gel filtration chromatography. HeLa cells were subjected to a double thymidine 

block to yield populations of cells synchronized to early S-phase of the cell cycle; 

cells were then released from double thymidine block and allowed to cycle to 

various points in the cell cycle. Synchronous cell populations were harvested, 

lysed, fractionated by gel filtration chromatography, and column fractions were 

probed by antibodies directed against hRad9, as described in Materials and 

Methods. It was observed that hRad9 exists in three distinct complexes, one of 

which elutes with a peak at approximately 100 kDa which appears to be primarily 
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in the a-phosphorylation state as described by St.Onge et al. (193). Two others 

with peaks eluting at approximately 500, and 670 kDa which appeared to be in 

the ß- and a-phosphorylation states, respectively (Figure 2A). The hRad9 

containing complexes did not change in relative abundance, on the basis of spot 

densitometry comparing the relative signal of the three hRad9 containing 

complexes within a given timepoint. In addition, no new hRad9 complexes 

appeared at any point in the cell cycle. 

3.2 hRad9 is Phosphorylated in a Cell-Cycle Specific Manner 

Upon close examination of the individual banding patterns of the hRad9 

complexes visualized by gel filtration, it appeared that hRad9 eluting in the 100 

kDa complex migrated as a doublet, on SDS-PAGE, at some points in the cell 

cycle. The presence of the hRad9 doublet in the 90 kDa complex was more 

clearly demonstrated by the comparison of identical fractions from each gel 

filtration timepoint on a single acrylamide gel that was allowed to run further 

(Figure 2B). This result suggested that hRad9 was undergoing a cell-cycle 

specific modification in Hela cells during G2/M. 

3.2.1 G2/M Specific hRad9 Phosphorylation in HeLa Cells 

In order to determine if the slower migrating hRad9 species observed by SDS- 

PAGE at G2/M were a significant fraction of the total hRad9 in the cell, hRad9 

was compared in lysates from synchronized cell populations by antibodies 
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Figure 2. hRad9 elutes from a gel filtration column in 3 distinct complexes. 

A, HeLa cell lysates synchronized in early S Phase by double thymidine block 

were released and released to the indicated times. Synchronized cell lysates 

were then fractionated over a Sephacryl S-300 gel filtration column, standardized 

as indicated, and collected in 1 ml_ fractions. A portion of cells from each 

timepoint were analyzed by flow cytometry to determine cell cycle phase. 

Fractions were separated by SDS-PAGE and immunoblotted with antibodies 

directed against hRad9. B, Comparison of hRad9 in fraction 26 from different 

cell cycle positions by ahRad9 immunoblotting. 



Column Fractions 

_A_ 
f 670 kDa 158 kDa 44 kDa       \ 
thyroglobulin y-globulin    ovalbumin 

2  4  6 8 1012141618 222426283032343638 kDa 
62 — *s*&i.iZ ■ •   ;, 

47.5— äi.;.; .    :..*"*<"•»«*» — 

** H»«r,;| 

Hrs After  Cell Cycle 
?N |N Release      Phase 

mn i 
62 - 

47.5-""  — —*— — * 
}i»t1*l!,*«W«*»*i Sili::iÄ 

47.5-"      -*■**»*■ ^■■^i?IÄM^sÄi| 

62 -•—j 
47.5- i ililiilp^ 

5      G2 

62 - 
47.5-' 

62 -S 
47.5- 

62 -^, 
47.5- 

>MW" «"•■•«" 

. :«. .   ■ ... 

' <- <Bfc" «HI Mta 

▼ 
M 

G1 

B Fraction 26 

kDa     0     2     5     6     9 Hours After Release 

62- 



directed against hRad9 (Figure 3). Consistent with the gel filtration result, hRad9 

undergoes a modification specific to G2/M of the cell cycle, which does not 

persist into G1 (Figure 3). 

Given that hRad9 is extensively phosphorylated, and that hRad9 is 

proposed to have a role in controlling the G2/M transition, the likelihood of hRad9 

being phosphorylated in a cell cycle dependent manner was high. In order to test 

whether the G2/M specific mobility shift of hRad9 was a phosphorylation 

dependent phenomenon, hRad9 derived from cells synchronized to S or G/M 

phase of the cell cycle was treated with CIP and analyzed by antibodies directed 

against hRad9. Cells were harvested, lysed, and the hRad9 from equivalent 

amounts of cell lysate was immunoprecipitated. Immunoprecipitates were 

treated with CIP, as indicated, in either the presence or absence of the 

phosphatase inhibitor ß-GP. Samples were then analyzed by immunoblotting 

with antibodies against hRad9. It was observed that upon CIP treatment the 

slower migrating hRad9 species present in G2/M phase HeLa cells were 

abolished, but persisted in the presence of phosphatase inhibitor (Figure 4), 

indicating that the cell-cycle specific forms of hRad9 are the result of a 

phosphorylation. These cell cycle specific hRad9 forms will collectively by 

referred to as hRad9a. 

3.2.2 Cell Cycle Specific hRad9 Phosphorylation is Independent and Distinct 

from that Induced by Ionizing Radiation 
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Figure 3. HeLa cells during G2 and M phases of the cell cycle exhibit Novel 

slow-migrating forms of hRad9. HeLa cells were synchronized by double 

thymidine block and harvested at the indicated cell cycle phases. Cells were 

lysed and subjected to immunoblot analysis with antibodies directed against 

hRad9 (top) or stained with PI and analyzed for DNA content/cell cycle phase by 

flow cytometry (bottom). 
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Figure 4.    hRad9 is phosphorylated in a cell cycle dependent manner. 

Antibodies directed against hRad9 were used to immunoprecipitate hRad9 from 

HeLa cells synchronized to G2/M and S-phase of the cell cycle. 

Immunoprecipitates were then incubated in the presence of 40 units of CIP and 

the phosphatase inhibitor ß-GP, as indicated. Proteins were separated by 10% 

SDS-PAGE and immunoblotted with antibodies directed against hRad9. 
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Since the ATM kinase has been demonstrated to phosphorylate hRad9 in 

response to DNA damage (146, 193), we examined whether the G2/M specific 

hRad9 phosphorylation is dependent upon the ATM induced phosphorylation. 

Synchronized HeLa cell lysates were examined at various points in the cell cycle, 

and were treated with 20 Gy of IR 30 minutes prior to harvest, and examined by 

immunoblotting (Figure 5). An IR-dependent mobility shift of the hRad9a form by 

SDS-PAGE was observed at all points in the cell cycle. We have termed this 

hRad9 form hRad9y, and we and others have demonstrated this mobility shift to 

be a result of phosphorylation of hRad9 by the ATM kinase (146, 193) (Figure 5). 

It was also observed that the formation of hRad9<r occurred even when hRad9y 

was not present, but hRad9o formation was enriched upon treatment with 

ionizing radiation (Figure 5). Furthermore, work in our lab has demonstrated that 

hRad9cj forms still form in hRad9 point mutants that cannot be phosphorylated by 

ATMorATR(193). 

3.2.3 Cell Cycle Specific Inducible hRad9 Phosphorylation in hTERT-RPE1 Cells 

Because the initial observation of hRad9a was made in HeLa cell lysates, it 

was important to ascertain if the G2/M specific hRad9 phosphorylation was 

unique to the highly transformed phenotype, and aneuploid genotype of Hela 

cells, or whether in fact hRad9a can be detected in healthy epithelial cells with a 

diploid karyotype.   Cell cycle specific hRad9 phosphorylation was examined in 

karyotypically normal  hTERT-RPE1  epithelial (hTERT) cells.     Synchronous 

populations of hTERT cells were achieved by a single 24-hour thymidine block. 
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Figure 5. Phosphorylation of hRad9 at G2/M is enhanced by IR, but is 

distinct from IR induced phosphorylation that occurs at all points of the 

cell cycle. Synchronized HeLa cells, released to the indicated times, were lysed 

in SDS-PAGE sample buffer and probed by immunoblotting with antibodies 

directed against hRad9 (top), or followed by flow cytometry (bottom). At each 

timepoint cells were treated with 0 or 20 Gy of ionizing radiation 30 minutes prior 

to harvest, as indicated. 
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Cell populations were released and treated with either 20 Gy or 0 Gy of IR, 30 

minutes prior to harvest, at all points in the cell cycle. After harvest, cell lysates 

were examined by antibodies directed against hRad9 (Figure 6). Consistent with 

observations in HeLa cells, hRad9a is only present in cells at G2/M of the cell 

cycle. However, hRad9o was not present in undamaged epithelial cells at G2/M; 

hRad9a forms are dependent on cell cycle position and the presence of 

exogenous DNA damage in a karyotypically normal cell line (Figure 6). 

3.3 hRad9 Mutagenesis 

In an attempt to determine specific sites of hRad9cr phosphorylation serine, 

threonine, and tyrosine residues of hRad9 that are conserved between the 

murine, human, and fission yeast orthologs, as well as residues which 

demonstrated a high probability of being phosphorylated by phosphorylation site 

prediction programs (235), were targeted by site directed mutagenesis (Figure 

7). Twelve hRad9 single point mutants were generated and compared for their 

effects on hRad9 phosphorylation patterns and for G2 checkpoint defects. 

3.3.1 Targeted Disruption of Conserved Residues does not Abrogate G2/M 

Phosphorylation 

In order to determine if any single hRad9 point mutants altered or abolished 

the formation of hRad9a, mutant constructs were transfected into HeLa cells, and 

18 hours prior to harvest were treated with the microtubule poison nocodazole 

(0.5 |ag/ml_).    Treatment with nocodazole arrests cell cycle progression at 
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Figure 6. hRad9 phosphorylation at G2/M is inducible by IR in hTERT-RPE1 

cells. hTERT-RPE1 cell populations were synchronized by a single thymidine 

block and released to the indicated timepoints, and treated with 0 or 20 Gy of 

ionizing radiation 30 minutes prior to harvest. Cells were then either lysed in 1.5 

X SDS-PAGE sample buffer and analyzed by immunoblotting with antibodies 

directed against hRad9 (top), or stained with PI and analyzed by flow cytometry. 
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Figure 7. Primary amino acid sequence alignment of human, mouse, and 

fission yeast hRad9 orthologs. Twelve serine, threonine, and tyrosine 

residues of hRad9 that were conserved between the human, murine, and S. 

pombe Rad9 orthologs, and exhibited a high score in phosphorylation site 

prediction programs were targeted by site directed mutagenesis to see if their 

elimination would abrogate hRad9 cell cycle specific phosphorylation. Arrows 

indicated residues targeted by site directed mutagenesis; stars denote known 

hRad9 phosphorylation sites. 
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metaphase of mitosis, eliciting formation of hRad9a, even in transiently 

transfected over-expressed proteins (Figure 8A) (193). Populations of treated 

and untreated hRad9 transfectants were compared by immunoblotting. Induction 

of hRad9a in over-expressed proteins is concurrent with nocodazole treatment, 

and subsequent mitotic arrest (Figure 8A). Subsequently, each of the 12 mutant 

constructs were compared to wild-type hRad9 and mock transfected samples in 

the presence and absence of nocodazole (Figure 8B). None of the hRad9 point 

mutants showed elimination of the hRad9a form under these conditions (Figure 

8B). 

3.3.2 Over-expression ofRad9 Mutants does not Effect Normal Cell Cycle 

Progression or Prevent G2 Arrest in Response to Ionizing Radiation. 

Some of the single hRad9 mutants generated (S21A, S43A, S44A, and S46A) 

correspond to residues in that when mutated in tandem result in increased 

genotoxin sensitivity and minor checkpoint defects in S.pombe (236). Given the 

possible functional implications, the 12 hRad9 point mutants were also analyzed 

for G2 checkpoint defects. In order to assay for G2 checkpoint activity 

populations of HeLa cells transfected with hRad9 point mutants were 

synchronized by a single 24 hour thymidine block. HeLa cell populations were 

then released from thymidine block and allowed to cycle for 5.5 hours, yielding a 

population of cells at Late-S/Early G2 of the cell cycle, cells were then treated 

with either 0 or 4 Gy of IR.  Cells were then harvested an additional 6.5 hours 
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Figure 8. Use of Nocodazole for analysis of hRad9 single point mutants. A, 

HeLa cells were transiently transfected with wild type hRad9, and were treated 

with nocodazole 18 hours prior to harvest, or left untreated. Cells were either 

harvested in 1.5 X SDS-PAGE sample buffer or fixed and stained with PI for 

analysis by flow cytometry. B, HeLa cells were transfected with wild-type hRad9 

and each of the 12 single hRad9 point mutants, and treated with nocodazole, as 

indicated. Cells were then harvested in and subjected to immunoblot analysis 

with antibodies directed against hRad9. 
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later, 12 hours after release from thymidine block, with irradiated cells arrested at 

G2/M and untreated cells having cycled back into G1 of the cell cycle. Cells 

were then harvested, fixed, and stained by ahRad9 immunofluorescent 

antibodies and PI. On the basis of levels of hRad9 fluorescence, populations of 

transfected (high hRad9 fluorescence) and non-transfected cells (low hRad9 

fluorescence) could be differentiated by flow cytometry and assayed separately 

for cell cycle position on the basis of PI staining, illustrated in Figure 9. Using 

flow cytometry, the cell cycle position of transfected cells could be compared to 

that of non-transfected cells, and the effect of the transfected point mutants on 

cell cycle position could be determined. 

It was observed in non-irradiated populations of cells that by 12 hours after 

release from thymidine synchronization that both transfected and non-transfected 

cells had returned to G1 of the cell cycle. The lack of a perturbation in the 

progression though G2/M phase of the cell cycle indicates that overexpression of 

the hRad9 point mutants elicits a checkpoint dependent arrest in cell cycle 

progression in this assay (Figure 10). Furthermore, cells transfected with hRad9 

point mutants all exhibited a checkpoint-dependent arrest at G2/M at 12 hours 

after release, following IR treatment 5.5 hours after release from thymidine block. 

The presence of G2 arrest of cells in response to IR despite transfection with the 

hRad9 mutants indicates that none of the hRad9 point mutants studied impaired 

normal IR induced G2/M checkpoint function in this assay (Figure 11). 

3.4 Formation of Extraction Resistant hRad9 Complexes Not Effected by 
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G2/M Specific Phosphorylation. 

The biochemical function of hRad9 in the cell is unclear, and thus a functional 

assay for hRad9 function is currently unavailable. However, hRad9 containing 

complexes have been shown to become resistant to extraction in a low-salt 

buffer, a result proposed to be a result of the 9-1-1 complex binding to chromatin 

in response to DNA damage (143, 195). Accordingly, the extractability of hRad9 

within the context of the cell cycle was examined. Initially, the published 

extraction resistance of hRad9 was recapitulated in asynchronous cells. 

Asynchronous HeLa cells were either left untreated, or treated with DNA 

replication inhibitors thymidine, or hydroxyurea (HU), or DNA damaging agents 

bleomycin and IR. Equivalent cell volumes were harvested lysed in low salt (LS) 

permeabilization buffer, washed, and the remaining nuclear pellet was extracted 

in high salt (HS) extraction buffer. Fractionated cell lysates where then 

immunoprecipitated using antibodies directed against hRad9. 

Immunoprecipitates demonstrated that not only DNA damage stimuli, but also 

replication inhibition converted hRad9 to an extraction resistant form (Figure 12), 

as evidenced by the increase in hRad9 present in the HS fraction. The inducible 

increase in hRad9 content in the HS fraction is consistent with hRad9 being 

loaded onto chromatin in response to DNA damage, or replication inhibition. It is 

also noteworthy that in cells treated with hydroxyurea all of the hRad9ß forms 

normally visible in hRad9 immunoprecipitates disappeared, similar to cells 

synchronized to G2/M by thymidine synchronization or treated with nocodazole. 
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Figure 9. Schematic diagram of analysis of hRad9 transfected versus non- 

transfected cells analyzed by flow cytometry. HeLa cells were synchronized 

by a single thymidine block and released for 5.5 hours before being treated with 

0 or 4 Gy of ionizing radiation. Cells were then harvested 12 hours after release 

from thymidine block, fixed in paraformaldhyde. Cells were then analyzed for 

hRad9 content (Y-axis) or DNA content (X-axis) and analyzed by flow cytometry. 

Treated cell populations were then gated by flow cytometry for hRad9 

fluorescence and transfectants were analyzed for DNA content by PI staining to 

determine cell cycle position of transfected and non-transfected populations of 

cells. 
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Figure 10. Overproduction of hRad9 point mutants does not inhibit normal 

passage through G2/M. Wild-type hRad9 and each of the 12 individual point 

mutants were analyzed by flow cytometry. Transfected cells were synchronized 

by single thymidine block for 18 hours, 24 hours after transfection. Cells were 

then released from thymidine block for 12 hours, harvested, and treated with 

fluorescent antibodies directed hRad9 and PI. Transfectants were analyzed for 

cell cycle position based upon DNA content. 
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Figure 11. Overproduction of hRad9 point mutants does not effect ionizing 

radiation induced normal G2 arrest. Wild-type hRad9 and each of the 12 

hRad9 point mutants were analyzed by flow cytometry. Transfected cells were 

synchronized by single thymidine block for 18 hours, 24 hours after transfection. 

Cells were then released from thymidine block for 5.5 hours, treated with 4 Gy of 

IR, and harvested 12 hours after their initial release to yield populations of G2/M 

arrested cells. Harvested cells were treated with fluorescent antibodies directed 

against hRad9 and with PI. Transfected and non-transfected cells were 

distinguished by flow cytometry. Cells were analyzed for cell cycle position 

based upon DNA content. 
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Figure 12. DNA replication arrest and DNA damage converts constitutively 

phosphorylated hRad9 to an extraction resistant form. HeLa cells were 

treated with the DNA replication inhibitors (thymidine and HU), DNA damaging 

agents (Bleomycin and IR), or left untreated, as indicated. Cells were then 

harvested, permeabilized, and low (LS) and high salt (HS) extracts were 

prepared. Human Rad9 protein was immunoprecipitated with antibodies directed 

hRad9, immunoprecipitates were analyzed by immunoblotting with the same 

antibody. 
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This effect is unique to HU treatment as cells synchronized to S-phase by 

thymidine block and release does not exhibit loss of hRad9ß forms. The 

extractability of hRad9 was then examined in synchronized HeLa cells to 

determine if DNA damage at specific points of the cell cycle was enhanced or 

inhibited by the formation of hRad9a. Cells that were either asynchronous or 

synchronized to S-phase, G2, or M and treated with IR or HU as indicated. In all 

cases, the extraction resistant form of hRad9 was enriched in cells that had been 

synchronized by thymidine synchronization to S, G2, and M phase of the cell 

cycle. Furthermore, it was observed that in all cases of ionizing radiation treated 

cells, synchronized or otherwise, that the extraction resistant form of hRad9 

appeared to be preferentially phosphorylated in a banding pattern consistent with 

hRad9a (Figure 13). In samples which had been synchronized into mitosis by 

double thymidine block and subsequent nocodazole treatment it was evident that 

a hyper-phosphorylated form of hRad9, consistent with hRad9a was made 

extraction resistant in response to IR treatment (Figure 13, samples +11 NOC 

and +11 NOC+40Gy). The formation of extraction resistant hRad9 forms at all 

points in the cell cycle suggests that all characterized forms of hRad9 are 

competent to be loaded onto chromatin. 
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Figure 13. Human Rad9 is converted to extraction resistant form 

independent of cell cycle position or phosphorylation state. Synchronized 

HeLa cells were released to the indicated timepoints and either treated with 0 or 

40 Gy of IR, 45 minutes prior to harvest. Cells were also treated with HU as a 

positive control. Cells were then harvested, permeabilized, and low (LS) and 

high salt (HS) extracts were prepared. hRad9 protein was immunoprecipitated 

with antibodies directed against hRad9, immunoprecipitates were immunoblotted 

hRad9 using the same antibody. 
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Chapter 4 

Discussion 

4.1 hRad9 Exists in 3 distinct Complexes 

It was demonstrated that hRad9 exists in three distinct complexes that are 

invariant with respect to their relative abundance or cell cycle position. The 

invariant nature of the hRad9 containing complexes suggests that the function of 

hRad9 containing complexes is not modulated by their assembly, disassembly, 

or degradation. The smallest hRad9 containing complex eluting at an 

approximate molecular weight of 100 kDa is in agreement with the heterotrimeric 

9-1-1 complex described, and is consistent with another reports stating that 

hRad9, hHusI, and hRadl co-fractionate in a complex of identical size by gel 

filtration chromatography (181, 188). However, the two larger hRad9 containing 

complexes (500 and 670 kDa, approximately) observed were not consistent with 

the work of another group, who only observed a single hRad9 containing 

complex (188). 

Despite the disparity in findings between the work of Burtelow et al. (188) and 

the work described here, the finding that hRad9 exists two other larger 

complexes is highly probable and is supported by several lines of evidence. As 

described in the introduction, it has been demonstrated that hRad9 interacts with 

a number of proteins other than hHusI and hRadl (183, 190-192). Furthermore, 

in addition to the known hRad9 interacting partners, it has been demonstrated 

that an uncharacterized phosphoprotein of approximately 180 kDa is present in 

hRad9  immunoprecipitates from  32P-metabolically labeled  cells  (146).     In 
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addition, given that there is not a bona fide function ascribed to the 9-1-1 

complex, it is very possible that other factors are required to bind hRad9 in order 

to mediate the downstream signal transduction resulting in the inhibition of Cdc2. 

All of these factors suggest that hRad9, and likely hHusI and hRadl exist in 

large complexes possibly involved in genome surveillance or the mediation of G2 

checkpoint activity. 

Interestingly, the two larger hRad9 containing complexes are in different 

phosphorylation states, with the 670-kDa hRad9 containing complex being in the 

a-phosphorylation state and the 500-kDa complex consisting of the ß-form of 

hRad9. It is unclear if the 500-kDa complex is representative of an hRad9 

phosphorylation state that is naturally occurring in the cell, as it is very rare that 

the ß-form of hRad9 can be visualized by western blotting. However, given that 

the 500-kDa complex elutes distinctly from the 670-kDa complex it is possible 

that by gel filtration chromatography dividing the pool of hRad9a into two parts 

hRad9ß forms become more visible. However, it cannot be discounted that the 

phosphorylation state of the 500-kDa hRad9 complex is a result of 

dephosphorylation during fractionation over the gel filtration column, despite the 

use of large amounts of phosphatase inhibitors. 

4.2 hRad9 is Phosphorylated in a Cell-Cycle Specific Manner 

It has been established that hRad9 is phosphorylated in a cell cycle 

dependent manner in G2 and M phase of the cell cycle. This is the first 

indication of a G2 specific activity for hRad9; consistent with the data from fission 
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yeast indicating that Rad9 is responsible for arresting the cell at G2/M in 

response to DNA damage (21). If hRad9 activity is in fact regulated in a cell 

cycle dependent manner it would be consistent hRad9 existing in the same 

pathway as Chk1 as the formation of hRad9cr occurs at the same point in the cell 

cycle as Chk1 activity is up-regulated (151). Furthermore, it has been 

demonstrated that all of the hRad9 in the cell appears to associate with hHusI 

(188). Given the intimate association between hRad9 and hHusI and the fact 

that hus1v" mouse embryonic fibroblasts lack Chk1, but not Chk2 phosphorylation 

in response to DNA damage, strongly indicates that hRad9 transduces the DNA 

damage signal through Chkl 

Interestingly, the cell cycle phosphorylation appears to occur only in the a- 

form of hRad9, indicating that hRad9 must be constitutively phosphorylated in 

order for cell cycle phosphorylation to occur (193). The dependency on the cc- 

form of hRad9 is evident in the endogenous protein and in the over-expressed 

proteins from cells treated with nocodazole. The reason for this is unclear; 

however a possible explanation could be that the constitutive phosphorylation of 

hRad9 regulates its localization within the nucleus, or the binding to the kinase 

responsible for cell cycle specific phosphorylation. 

The cell cycle phosphorylation of hRad9 was demonstrated to be independent 

and distinct of the IR inducible phosphorylation occurring at all points in the cell 

cycle. This indicates that while hRad9 may be phosphorylated in response to 

DNA damage at any time, a secondary level of regulation exists within the 
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context of the cell cycle, possibly directing different types of DNA repair or 

different cellular responses to DNA damage dependent on cell cycle phase. 

Furthermore, the nature of the cell cycle phosphorylation is very interesting; 

the hRad9a forms are observed independent of exogenous DNA damage during 

G2 and M in HeLa cells, but are not observed in hTERT-RPE1 cells unless 

damaged in G2/M. The fact that the cell cycle phosphorylation occurs 

spontaneously in a cancer cell line, and only after damage in normal cells, would 

be consistent with a role for hRad9 in the surveillance of DNA damage in the cell, 

and the G2 DNA damage checkpoint. Since cancer cells accrue mutations at a 

much higher rate than normal cells (237, 238), hRad9 may be phosphorylated in 

response to endogenously arising DNA damage in HeLa cells, whereas the 

phosphorylation only occurs in hTERT-RPE1 cells when exposed to exogenous 

sources of DNA damage. This G2/M specific hRad9 phosphorylation may be of 

use as a marker for elevated mutation rates or genomic instability once the sites 

of cell cycle phosphorylation are mapped and phospho-specific antibodies can be 

generated. 

4.3 hRad9 Mutagenesis 

Once it was demonstrated that the G2/M specific phosphorylation could be 

seen in heterologously expressed hRad9, a site directed mutagenesis approach 

was undertaken to identify the sites at which cell cycle specific phosphorylation 

was occurring. Unfortunately, none of the point mutants studied abrogated the 

cell  cycle  phosphorylation  pattern  observed   in  over-expressed   hRad9   in 
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nocodazole treated cells. However, it should be noted that the identification of 

phosphorylation sites was done exclusively on the basis of differences in 

electrophoretic mobility, and the phosphorylation sites studied may indeed 

comprise constitutive phosphorylation sites which do not reveal obvious 

differences in electrophoretic mobility. 

The identification of the sites of cell cycle phosphorylation may yield insight 

into the function of hRad9. A more practical and unbiased approach to the 

analysis of hRad9 cell cycle phosphorylation would involve immunoprecipitation 

of large quantities of hRad9 protein and the analysis of phosphorylation by 

tandem mass spectrometry. Identification of the sites of cell cycle 

phosphorylation on hRad9 would allow study of mutant proteins lacking 

phosphorylation sites, and the role of cell cycle phosphorylation in DNA damage 

sensitivity and checkpoint control could be determined. 

4.3.1 Cell Cycle Effects ofhRad9 Point Mutants 

When overexpressed, none of the point mutants affected normal cell cycle 

progression or IR induced G2 arrest in the assay used. However, it should be 

noted that despite the mutant proteins being present at approximately a 100 fold 

excess compared to endogenous hRad9 (on the basis of hRad9 fluorescence) 

the possibility that any effect of the hRad9 mutants may not be dominant, and as 

a result would not be noticeable in the presence of the endogenous protein. Of 

the mutants made, four (S21A, S43A, S44A and S46A) corresponded to sites in 

the fission yeast protein, that when mutated, subtly sensitized cells to DNA 
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damage (236). If any effect of the mutants were subtle it may possibly not be 

detected in the presence of the endogenous protein, and thus to appropriately 

characterize the cell cycle or DNA damage sensitivity effect of any hRad9 point 

mutant a hRad9 null cell line will be required. 

4.4 Formation of Extraction Resistant hRad9 Complexes is not Dependent 

on G2/M Specific Phosphorylation. 

Consistent with another report it was observed that a portion of the hRad9 in 

the cell could be converted to an extraction resistant form, indicative of chromatin 

binding in response to DNA damage or replication inhibition (143, 195). The 

extraction resistance of hRad9, as an indication of chromatin binding, was used 

to determine if the cell cycle phosphorylation affected the extraction resistance in 

response to DNA damage at various points in the cell cycle. 

The observation that the abundance of extraction resistant hRad9 was 

increased in all cells synchronized with thymidine to S, G2 and M phase of the 

cell cycle has two possibilities.  Firstly, this result suggests that hRad9 is loaded 

onto chromatin in a cell cycle dependent manner, which would be consistent with 

the notion that hRad9 is responsible for genome surveillance acting at the G2 

checkpoint. It is also of note that in asynchronous cells as well as cells that were 

synchronized to S and G2 phases of the cell cycle that the extraction resistant 

pool of hRad9 was phosphorylated in response to IR in a banding pattern 

consistent with that of hRad9a.   This suggests that chromatin bound hRad9 is 

phosphorylated in response to DNA damage, and that hRad9a may be present at 
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other points in the cell cycle. However, it is not known whether the chromatin 

bound hRad9 is phosphorylated on the same residue in response to DNA 

damage, or by the same kinase, as that observed in the cell cycle specific 

hRad9a form. 

Nevertheless, the second possibility is that should be noted is that the 

increased abundance of extraction resistant hRad9 in S, G2 and M phases of the 

cell cycle could be the result of the thymidine treatment causing DNA damage in 

the cells that does not result in hRad9 being phosphorylated. An ideal resolution 

of this paradox would be the more difficult method of elutriation for generation of 

synchronous populations of cells to examine the interdependence between cell 

cycle position, hRad9 phosphorylation, and hRad9 extractability in the presence 

and absence of DNA damage. 

Additionally, it is of note that in cells that were synchronized to mitosis by 

nocodazole treatment hRad9cr could be loaded onto chromatin in response to IR, 

suggesting that hRad9 cell cycle phosphorylation does not affect the chromatin 

binding of hRad9. However, this question of cell cycle phosphorylation and 

hRad9 extractability will not be answered rigorously without the identification of 

the sites of cell cycle phosphorylation and the generation of mutants lacking 

those sites. 

4.5 Conclusion 

The human Rad9 checkpoint protein has been demonstrated to exist in three 

complexes in cell extracts; the differences in function between the three 
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complexes await characterization. An important first step in the determination of 

the function of the three hRad9 complexes will be the identification of all other 

factors comprising them. Clearly, a comprehensive, unbiased analysis of hRad9 

protein-protein interactions using emerging proteomic technologies would be of 

great value in understanding of hRad9 function. 

The hRad9 protein is phosphorylated at G2/M of the cell cycle in a manner that 

appears to be independent of the damage induced phosphorylation attributed to 

the ATM kinase. If hRad9 cell cycle phosphorylation does not affect chromatin 

binding then the identification of the role of hRad9 cell cycle phosphorylation will 

be of great interest in our understanding of the role of hRad9 in the cell. It will be 

very interesting to see if mutation of hRad9 cell cycle phosphorylation sites has 

the same cell cycle effect as in the mutation hRad17 phosphorylation sites which 

results in the abolition of G2/M checkpoint activity (144). 

Furthermore, the generation of a conditional cell line which can be deleted for 

hRad9 by the addition of the Cre-recombinase, like that described by Cortez et 

al. for the ATR kinase (129), would be ideal for in the screening of hRad9 point 

mutants for bona fide checkpoint defects and sensitivity to DNA damage. 

Furthermore, the conditional cell line would allow for the assay for the function of 

the hRad9 checkpoint protein similar to the powerful analyses performed in 

fission yeast. 
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